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Abstract 
The development of flexible lightweight OLED devices requires oxygen/moisture barrier layer thin 
films with water vapour transmission rates (WVTR) of < 10-6 g/m2/day. This thesis reports on single 
and multilayer architecture barrier layers (mostly based on SiO2, Al2O3 and TiO2) deposited onto glass, 
Si and polymeric substrates using remote plasma sputtering. The reactive sputtering depositions were 
performed on Plasma Quest S500 based sputter systems and the morphology, nanostructure and 
composition of the coatings have been examined using SEM, EDX, STEM, XPS, XRD and AFM. The WVTR 
has been determined using industry standard techniques (e.g. MOCON) but, for rapid screening of the 
deposited layers, an in-house permeation test was also developed. SEM, XRD and STEM results 
showed that the coatings exhibited a dense, amorphous structure with no evidence of columnar 
growth.  However, all of the single and multilayer coatings exhibited relatively poor WVTRs of > 1 x 10-
1 g/m2/day at 38 °C and 85 % RH.  
Further characterisation indicated that the barrier films were failing due to the presence of substrate 
asperities and airborne particulates. Different mechanisms were investigated in an attempt to reduce 
the density of film defects including incorporation of a getter layer, modification of growth kinetics, 
plasma treatment and polymer planarising, but none were successful in lowering the WVTR.  
Review of this issue indicated that the achievement of good barrier layers was likely to be problematic 
in commercial practice due to the cost implications of adequately reducing particulate density and the 
need to cover deliberately non-planar surfaces and fabricated 3D structures. Conformal coverage 
would therefore be required to bury surface structures and to mitigate particulate issues. Studies of 
the remote plasma system showed that it both inherently delivered an ionised physical vapour 
deposition (IPVD) process and was compatible with bias re-sputtering of substrates. Accordingly, a 
process using RF substrate bias to conformally coat surfaces was developed to encapsulate surface 
particulates and seal associated permeation paths. An order of magnitude improvement in WVTR (6.7 
x 10-2 g/m2/day) was measured for initial Al2O3 coatings deposited with substrate bias. 
The development of substrate bias to enhance conformal coverage provides significant new 
commercial benefit. Furthermore, conformal coverage of 5:1 aspect ratio structures have been 
demonstrated by alternating the substrate bias between -222 V and -267 V, with a 50 % dwell time at 
each voltage. Further development and optimisation of the substrate bias technique is required to 
fully explore the potential for further improving barrier properties and conformal coverage of high 
aspect ratio and other 3D structures.  
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Chapter 1. Introduction 
 
1.1 Motivation 
In recent years there has been a substantial increase in research relevant to the fabrication of opto-
electronic devices on inexpensive flexible substrates. The media have excited consumers with the 
notion of being able to bend, roll and even wear a device in operation. Besides the novelty factor, 
there is consumer desire for lightweight, thin, more robust devices which would be made available by 
fabricating devices onto polymeric substrates. There is also an industrial desire for devices to be 
fabricated on polymeric substrates as this would allow for more efficient and lower cost 
manufacturing techniques such as roll-to-roll (R2R) processing.  
The main candidates suitable for flexible devices include organic photovoltaics (OPV), liquid crystal 
displays (LCD) and organic light emitting diodes (OLED) displays; examples are shown in Figure 1.1. 
 
 
Figure 1.1: Examples of flexible opto-electronic devices; (a) flexible organic solar cell (1), 
 (b) Fujitsu’s flexible LCD (2) and (c) Samsung’s OLED (3) 
The market opportunities for flexible/curved displays have great potential and the consultancy firm 
Touch Display Research predicts that the market will reach $27 billion (£15.3 billion) by 2023 (4). 
Information Handling Services (iHS) Electronics & Media predicts larger growth, forecasting that in 
2023 flexible displays will account for around 20 % of the total flat-panel display market, with an 
estimated worth of $67.7 billion (£45 billion) (5). 
One of the main disadvantages of current smart phones is the fragile nature of the glass screen. A 
recent survey by the Daily Mail found 57 % of working professionals (aged 18-24) have accidently 
damaged the screen of their smart phone (6), mainly by impact from being dropped. In 2012 Plastic 
(a)                                 (b)               (c) 
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Logic commissioned a report showing repairs of employee’s phones are costing UK businesses more 
than £1 billion a year (7). Replacing the glass in these devices with a flexible polymer will reduce impact 
induced breakages. 
There are, however, significant challenges with the development of flexible versions of these devices 
due to the highly susceptible nature of the active components to water vapour (H2O) and oxygen (O2).  
Effective encapsulation to prevent the ingress of water and oxygen to the active device layers is 
required to achieve adequate product lifetimes. In rigid devices, a glass substrate with a metal/glass 
lid is used to prevent the permeation of H2O and O2 to the active components. For these devices to be 
fabricated in a flexible form they typically require the use of a polymeric substrate. However all 
polymer substrates are permeable to water vapour and oxygen, hence while the materials in these 
electronic devices remain susceptible to H2O and O2 a protective layer must be applied to the polymer 
substrates to block diffusion into the device structure; this is commonly known as a permeation barrier 
layer.  
Permeation barrier layers are not a new technology. Thin film coatings were first commercially applied 
as permeation barrier layers on polymeric substrates for food packaging in the early 1970s. Thin 
opaque metallic films (typically aluminium) were evaporated onto large width polymeric substrates, 
using high speed vacuum metallisers. Today, aluminised polyester and polypropylene polymer films 
are widely used as gas barriers in a variety of food and medical packaging applications. The flexible 
polymers, with 2.5 metre web widths (i.e. the width of the polymeric roll), are routinely coated at 
speeds up to 1000 m/min for these purposes (8).  Approximately 22,000 million square metres of 
vacuum deposited barrier layers are being sold into the packaging industry annually (9). Many 
packaging manufacturers have now evolved their products to produce transparent barrier layers 
(typically Al2O3 and SiO2) for easy product identification and microwave transparency. Although these 
permeation barriers are suitable for food and medical packaging they do not provide adequate 
protection for the electronic devices described above. 
1.2 Barrier Layers and Their Use in the Modern World 
Over the last ten years substantial research has been carried out to enable the deposition of thin film 
barrier layers suitable for electronic devices onto polymeric substrates at low temperatures while still 
retaining flexibility. Permeation barriers for these devices should be rugged (i.e. should be made 
strong and capable of withstanding rough handling) since they must endure large and repeated 
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deformation. The highest permeation requirements are set by organic light emitting diodes (OLEDs).  
OLEDs are currently expected to be the leading display technology of the near future, as they are more 
energy efficient and require less current (µA range) compared to an LCD display (mA range), a critical 
advantage in portable applications. OLEDs are composed of self-luminous organic light emitting diodes 
that form each pixel of the display. As every pixel emits its own light, the colour contrast is optimised, 
producing more natural colours and better picture quality than an LCD display. LCD performance is 
inherently constrained because it requires a backlight for pixel illumination as the LCD itself does not 
emit light and performance issues arise from backlight leakage, with the best contrast ratio for LCD 
being 1,000:1 (i.e. white is a thousand times brighter than black in the display), whilst with OLED a 
pure black screen will not emit any light hence achieving a large contrast ratio. OLED also has the 
advantage that the pixel response time is less than 1 µs, which is about 1,000 x faster than LCD, 
eliminating motion blur problems.  
A rival development to light emitting diode (LED)/LCD display technology is the use of quantum dots 
(QDs). For QD displays the yellow phosphor film used to convert the blue LED backlight of the LCD 
display to white light is replaced with a QD film. Quantum dots are nano crystalline particles; when 
the blue backlight passes through the QD, the wavelength of the light is altered as a function of the 
QD size, for red ~ 5 nm and green ~ 3 nm (10). QDs can be manufactured with processes similar to 
LCDs, hence QDs promise less manufacturing risk and therefore a faster commercialisation path than 
OLED technology. Although QD technology can provide 30 – 50 % less power consumption and a 
greater colour gamut (display more accurate colours) than LCDs, it cannot achieve the high contrast 
ratio and fast response time of OLEDs. The off angle viewing is also superior in OLEDs as they directly 
emit light compared to light passing through the QDs. However, the barrier requirements for OLEDs 
are two orders of magnitude greater compared to LCDs (barrier requirements will be discussed in 
more detail in Chapter 3). Therefore many display manufacturers are using QDs for their current 
generation of displays during the wait for OLED mass adoption. 
Despite the distinct  advantages of OLEDs, the largest display manufacturer, Samsung, announced in 
2014 that due to yield issues in manufacturing of their encapsulation layer their focus is moving away 
from large area fully flexible OLEDs to concentrate on small scale OLEDs (tablets and mobile phones) 
(11,12). The second largest manufacturer, LG, is fully committed to fully flexible large area OLED and 
to date have invested over $1.2 billion in its development. 
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The development of flexible devices is progressing in 4 main stages; solid curved displays, glass free 
devices, bendable devices, fully flexible devices.  Both Samsung and LG have curved television screens 
up to 78” already in mass production. In late 2013 Samsung released the first curved smart phone, the 
Samsung Galaxy Round (as shown in Figure 1.2). On the 10th of April 2015 the Samsung S6 Edge went 
on sale in the UK which exhibits a curved touch screen display, retailing at £760 (for 64 GB ROM size) 
(13). Recent development has seen both manufacturers, Samsung with the S9C and LG the 55EA9800, 
producing large 55” and 65” displays which curve at the touch of a button. 
 
Figure 1.2: (a) Samsung’s first curved touchscreen phone and (b) Samsung's first smart phone,  
S6 Edge with touchscreen edge wrap (14) 
The industry is now moving towards mass production of glass-free displays. Although at the initial 
stages of development, some devices are being manufactured using a polymer substrate, but the 
finished devices are currently still being encapsulated between 2 rigid glass substrates. 
Samsung have released a prototype picture (Figure 1.3) of their first foldable device branded ‘Foldable 
Valley’, however only the screen is bendable with the other parts remaining solid. The Foldable Valley 
is rumoured to launch January 2016 (15). Production of fully flexible devices will be realised with the 
development of flexible transistors. Metal oxide thin film transistors (TFTs) can deliver good 
performance however they are typically limited to a bend radius of ~ 5 mm (16). Alternatively polymer 
TFTs offer greater flexibility but at the expense of performance. 
The ultimate stage of development is the fully flexible device; wearable devices will exploit this 
technology. Consumers are already being slowly introduced to wearable consumer electronics with 
Samsung and Apple both releasing their smart watches (both with rigid screens) in 2015. At the end 
of 2014, Plastic Logic produced a flexible watch to demonstrate wearable devices, shown in Figure 1.4. 
This 1.5” x 4” flexible watch was manufactured using organic thin film transistors combined with an 
OLED display. 
(a)                                           (b)  
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Figure 1.3: Samsung prototype picture of their first bendable device (17) 
 
 Figure 1.4: Plastic logic 1.5” x 4" AMOLED watch demonstrator  
1.3. Encapsulation Approaches 
The manufacturing of OLEDs has previously been glass-based where the OLED device was deposited 
on glass, encapsulated with a glass lid in an inert atmosphere (e.g. N2/Ar) and sealed with a UV-cured 
epoxy resin (as shown in Figure 1.5a). A getter material such as calcium oxide/barium oxide is usually 
incorporated into the cell; this is used to absorb any remaining moisture incorporated in the cell or 
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diffusing through the epoxy resin over time. Although this conventional encapsulation process 
produces the high barrier requirement required for OLEDs the solid glass encapsulation is not 
compatible with roll-to-roll processing. Currently there are two main methods for flexible 
encapsulation which both require the device to be grown on a flexible substrate that includes a barrier 
film. The first approach (as shown in Figure 1.5b) is similar to the conventional encapsulation in which 
a flexible substrate coated with a barrier layer is used as a flexible polymer lid and sealed together 
with a UV-cured epoxy resin. Many research groups such as Toppan and 3M have concentrated on 
designing barrier layers using this approach as it allows for barrier layers to be deposited at higher 
temperature (as the barrier layer is not being directly deposited onto the active device) however the 
disadvantage of this technique is side wall diffusion of gases through the adhesive. Currently the epoxy 
area is very large, resulting in a wide edge (~ 1”) sealant region around the device that is not active. 
The second approach (as shown in Figure 1.5c) involves a barrier layer being directly deposited on the 
device, known as thin film encapsulation (TFE). The advantages of this approach are a thinner form 
factor (physical dimensions) and greater durability as, when flexing, the lid used with conventional 
encapsulation can cause abrasion damage.  
 
 Figure 1.5: Three types of encapsulation © [2004] IEEE (18) 
This thesis concentrates on the latter approach where the thin film encapsulation is deposited 
sequentially with the device without interruption of vacuum. However there are some major 
challenges for thin film encapsulation. Firstly the thin film deposition method must not damage the 
active components of the device, e.g. process temperature and chemicals must be compatible with 
water, oxygen, ion bombardment minimal, and secondly the thin film barrier layer must be virtually 
free of defects.  
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Although much research has been carried out on barrier layers, no fully flexible thin film has yet been 
grown commercially completely defect free onto polymeric substrates to obtain a permeation rate 
low enough for OLED applications. Also, as there is no barrier performance standardisation, the supply 
chain is very limited. The manufacturers have no guarantee their substrate and barrier layer is 
effective and hence the purchaser has no confidence. Therefore the barrier layer development is 
typically being conducted by the device manufacturer. 
1.4 Substrate Candidates 
The main candidates suitable as substrate materials for flexible devices are metal foils, flexible glass 
and polymers. 
Metal foils can provide the same high performance barrier properties as solid glass substrates; they 
have good mechanical properties and are low cost (19). Although they provide good barrier 
performance they are only effective when transparency is not required and hence are not suitable for 
use in displays and the window layer in organic solar cells.  
Flexible glass is a very attractive substrate for encapsulating devices as it exhibits the barrier 
performance of bulk glass. It is 100 µm thick, can be potentially wound around a drum to enable roll-
to-roll manufacturing and can withstand high processing temperatures. However this substrate is 
expensive, fractures easily and suffers from handling difficulties (20). These substrates would be 
suitable for curved devices but do not have the flexibility of a foil or polymer substrate. 
The most likely substrate for flexible displays is a polymer. The main advantages for using flexible 
polymer substrates are that they are flexible, light weight, can possess high transparency, do not 
fracture and are suitable for inexpensive mass production via roll-to-roll processes. However all 
polymers offer insufficient protection as they are highly permeable to water and oxygen, therefore 
necessitating an additional layer or layers to provide the barrier performance required.  
There are many different polymer substrates available, however only some are compatible with the 
manufacturing process of a typical device (e.g. temperature, chemical). The polymer must be 
thermally, UV and dimensionally stable, have low surface roughness (as polymer substrates cannot be 
polished) and be relatively low cost. There are many candidates for flexible substrates which include 
polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polycarbonate (PC), polyarylate 
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(PAR), polyethersulphone (PES) and polyimide (PI). Choi et al. recently compared the key 
characteristics of these different polymers relevant to their use in flexible electronics and the results 
are shown in Table 1.1 (21). The most commonly used substrates are PEN and PET, with PEN providing 
slightly better thermal stability (22). 
Table 1.1: Comparison of polymer materials for flexible substrates (21) 
 
1.5. Plasma Quest Thin Film Deposition Technology  
Plasma Quest Limited (PQL) is a small R&D company specialising in the deposition of thin films for 
functional, mechanical or corrosion resistance applications. PQL have developed a unique remote 
plasma based sputtering technology which has been found to facilitate the deposition of thin films 
with nanostructures which differ from that obtainable with traditional sputter based coating 
techniques. The PQL technology uses a remotely generated high intensity plasma and is known as High 
Target Utilisation Sputtering (HiTUS). Remote plasma sputtering offers a number of potential 
advantages over other sputter coating techniques, which include a much larger process window 
(enabling deposition of high quality thin films at low temperatures) and the deposition of thin films 
with new properties and/or enhanced performance. Previous in-house research by PQL has shown 
that remote plasma sputtering can be used to deposit thin films onto very delicate organic substrates 
with no deformation or major change in physical properties; hence it has been proposed that this 
technology could be used to provide improved thin film encapsulant coatings. The remote plasma 
sputtering technology will be described in detail in Section 2.3. 
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1.6 Aims and Scope 
1.6.1 Aims 
The main aims of this work are to:  
1. Develop and apply the PQL technology to deposit single and multilayer barrier films for use in 
organic based optoelectronic and energy harvesting applications to retard or prevent the 
ingress of moisture or oxygen. 
2. Understand the key parameters and underlying material properties impacting on the barrier 
performance of remote plasma sputtered thin films.  
3. Develop an improved fundamental understanding of the remote plasma sputtering process 
and adapt the deposition systems accordingly to offer thin films with enhanced properties. 
1.6.2 Scope 
Different thin film materials and various coating architectures deposited by the PQL remote plasma 
sputter process are to be investigated. Thin film materials of interest are SiO2, Al2O3, Cu2O, TiO2 and 
other oxides; the reasons for selecting these particular oxides will be described in Section 3.5. Single 
layers, multilayer structures (including the use of polymeric layers) and other potential nanostructured 
architecture solutions will also be studied.  
The barrier layer work includes the effect of substrate preparation, interfacial studies, defect 
origination, propagation of defects, suppression of defects, microstructural evolution and 
optimisation of barrier properties. Investigations will also be made into minimising the coating process 
induced damage to polymeric substrates, a potential key advantage of the remote plasma technique. 
This work requires the use of the thin film characterisation techniques, primarily scanning electron 
microscopy (SEM), energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD), atomic force 
microscopy (AFM), time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron 
spectroscopy (XPS) and transmission electron microscopy (TEM) (or derivative techniques). Coatings 
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will be characterised for their physical properties, namely spectrophotometry, light microscopy and 
profilometry.  
Monitoring very low levels of oxygen and moisture ingress into the barrier layer is a major technical 
challenge and the current techniques have difficulties in measuring accurate values when the 
concentrations of migrating species are very low. Established techniques for measuring the barrier 
performance of thin films are not available at the University of Surrey or at Plasma Quest Ltd, hence 
new methods to test the barrier performance of the films will also be considered and developed. 
1.7 Thesis Outline 
Chapter 2 will begin with an introduction to thin film growth properties followed by an overview of 
the different deposition techniques. Chapter 3 will highlight the required performance of barrier layers 
for particular applications. A brief description of gas permeation will be given along with a summary 
of the different techniques used to measure the barrier layer performance. This will be followed by a 
review of current research on moisture/oxygen thin film barrier layers. The review will conclude with 
a highlight of what is of current interest to industry and evaluate constraints to commercial 
development. Chapter 4 describes the methods and experimental parameters employed for barrier 
film deposition and characterisation.  
The results obtained from the initial study of barrier layers deposited by remote plasma sputtering are 
presented in Chapter 5. Chapter 6 discusses the development of an in-house screening technique used 
as a fast qualitative test method of barrier performance to guide initial process development and 
determine which samples to send for longer term testing using established methods. Chapter 7 
explores potential enhancement methodologies to improve barrier performance.  
In Chapter 8, the focus of the work evolved to better understand the fundamentals of remote plasma 
sputtering to develop a robust methodology that produces an industrially suitable, cost effective 
method to deposit barrier layers through improving conformal coverage using an RF substrate bias.  
Finally, Chapter 9 will summarise the key findings and propose future work.  
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Chapter 2. The Growth of Thin Film Barrier Layers 
 
2.1 Introduction 
As described in Section 1.2, there is both a consumer and manufacturing desire for flexible devices. 
However, there is a key obstacle to their development as many of the active components in flexible 
devices degrade in the presence of moisture and oxygen and the preferred polymer substrate 
materials alone do not provide sufficient permeation protection due to their porous structure, 
requiring the addition of a permeation barrier layer. The current method of applying a barrier layer to 
a flexible substrate is through the deposition of a thin film (typically 10 – 200 nm) of a suitable material. 
This chapter will begin by discussing the growth kinetics of such thin films. Researchers have deposited 
thin film encapsulation layers both by physical vapour deposition (PVD) and chemical vapour 
deposition (CVD) techniques; Section 2.3 will give an overview of different types of PVD/CVD 
deposition methods. Other non PVD/CVD coating techniques exist e.g. spin coating, electro-
deposition, thermal oxidation, but fall outside the scope of this work. 
2.2 Thin Film Growth 
2.2.1 Introduction 
The deposition of a thin film can be achieved by the transportation of a source material in its vapour 
phase to the substrate where it condenses. The method by which the thin film is deposited has an 
impact on the structural evolution of the barrier layer and will consequently determine its physical 
properties. A range of deposition methods will be discussed in Section 2.3.  
The main progressive steps through which a film forms are; adsorption, binding, nucleation, island 
growth, coalescence and continued growth. The first stage of the growth process is adsorption of the 
condensing vapour on the substrate. Vapourised atoms approach the substrate and their outer 
electrons experience an attractive force due to van der Waals forces. As the atoms are pulled closer 
to the surface (to within ~ 3 Å) they will be repelled by the surface atoms (23). If the vapour atoms at 
this point have little kinetic energy they will become trapped, becoming loosely bonded at the surface 
The Growth of Thin Film Barrier Layers     
23 
 
(< 0.4 eV binding energy).  This is known as physical adsorption (physisorption). Once in this state, the 
adatoms can diffuse along the surface, re-evaporate, or bind to the surface in a number of ways. 
If the vapour atoms arrives with a lot of energy, the physisorbed state will be bypassed and the species 
will chemisorb. Chemisorption is chemical bonding due to electron exchange (covalent metallic/ionic 
bonding) resulting in a stronger bond (> 0.4 eV) than physisorption (24). In this state, the adatom can 
diffuse across the surface until a preferred site is found or is buried by the subsequent arrival of further 
sputtered atoms. The surface mobility of the adatom is a function of the binding energy, surface 
temperature and diffusion time. As the adatom diffuses across the surface it can interact with other 
adatoms forming clusters. These can coalesce into islands and eventually form a continuous film.  
2.2.2 Growth Modes 
All of the processes above can lead to 3 different forms of thin film growth (25); 2D growth (Frank-van 
der Merwe (FVM) layer-by-layer growth), 3D growth (Volmer-Weber (VW) island growth), and mixed 
2D/3D growth (Stranski-Krastanov (SK) growth), illustrated in Figure 2.1. The 3 forms of film growth 
are strongly dependent on thermodynamics and can be described in terms of the characteristic free 
surface energy, ,  (per unit area). The system favours minimising the free energy, hence the growth 
mode is determined by the relationship between the surface free energies of the substrate, S, the 
condensed film, F, and the interface between the substrate and film, I. 
If S ≥ F + I, the adatom will favour bonding with the substrate rather than other atoms in the growing 
film and the film will grow by forming one monolayer (ML) after another, known as 2D growth (Figure 
2.1a). The 2D growth mode can be affected by the presence of surface contamination, hence substrate 
cleanliness is vital if the 2D growth mode is preferred (24). 
If S < F + I, the substrate exhibits a low surface energy and the adatom will prefer to bond to other 
adatoms, forming clusters which coalesce into islands that eventually impinge on each other and form 
a continuous film (at ~10-20 nm thickness (26)).  This is known as the 3D growth mode (Figure 2.1b). 
The mixed Stranski-Krastanov mode is typically favoured when there is a mismatch between the 
substrate and growing film. In this case, the film begins as 2D growth but after growth of a few 
monolayers, due to elastic strain, the growth mode transitions to 3D island growth (Figure 2.1c). 
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Figure 2.1: Three different growth modes; (a) 2D growth (Layer-by-layer or Frank-van der Merve mode), (b) 3D 
growth (Island or Vollmer-Weber mode), (c) mixed 2D/3D (Layer plus island or Stranski-Krastanov mode) (27) 
2.2.3 Thin Film Structure 
The structural evolution of the growing film is determined by complex interactions between the 
substrate (e.g. temperature, structure and composition) and the growing film. Movchan and 
Demchishin (28) developed the first structure zone diagram based on the homologous temperature 
(the substrate temperature, Ts, relative to the film’s melting temperature, Tm), identifying 3 growth 
zones; Z1, Z2 and Z3. In 1974, based on studies of sputtered thin films, Thornton expanded the model 
to include the influence of process pressure and included a transitional ‘zone T’ (29), as shown in 
Figure 2.2.   
 
Figure 2.2: The Thornton structure zone model (29)  
At a low substrate temperature (Ts/Tm < 0.2) the surface mobility is very low, thereby creating a high 
nucleation density in the early stages of growth, preventing the growth of crystalline thin films (30). 
Neither coalescence or grain boundary migration can occur, this results in thin (1-10 nm) vertically 
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aligned fibres grown from nucleation sites which are disordered, full of voids and imperfections and 
is amorphous (Zone 1) (31). If the adatoms have high enough kinetic energies (10-40 eV) they are able 
to fill in voids of the disordered structure, creating a dense amorphous structure without grain 
boundaries (32). This structure is ideal for permeation barrier films. 
Zone T refers to a Ts/Tm ~ 0.2-0.4 and is usually associated with energy enhanced deposition techniques. 
Here surface diffusion has increased but is limited over grain boundaries leading to densely packed 
fibrous V-shaped grains (33,34). 
In Zone 2 (Ts/Tm ~ 0.3-0.5) the microstructure is governed by surface diffusion. The film consists of 
larger columnar grains with defined dense grain boundaries and the defects are eliminated. In Zone 3 
(Ts/Tm >>0.5) bulk diffusion is the dominant process leading to recrystallization of large grains (32).  
Anders et al. revised the structural zone diagram further to encompass plasma-based deposition 
technologies which includes the effects of ion bombardment on film growth (32). Here the 
homologous temperature (Ts/Tm) axis has been modified to also include a temperature shift caused 
by the potential energy of particles arriving at the substrate, labelled T*. The linear pressure axis has 
been modified to a logarithmic scale and denotes the normalised energy, E*, which represents the 
heating effects and displacement caused by the kinetic energy of the bombarding particles at the 
substrate. The diagram also denotes the z-axis as the net film thickness, t*, to illustrate the change in 
structure with film growth. It can be seen that the film structure is primarily governed by the surface 
adatom mobility which is influenced by the substrate temperature and the arrival energy of the 
deposited material (including the amount of flux). In plasma assisted growth, only surface re-
structuring, not bulk re-structuring, is required to achieve a dense coating, hence only the surface of 
the growing film is required to be at an elevated temperature, not the bulk film. Plasma assisted 
growth is one of the main characteristics of remote plasma sputtering (the deposition technique 
employed in this work). Ion bombardment increases the adatom mobility which potentially lowers 
defect growth, advantageous to barrier coatings. 
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Figure 2.3: Structure zone diagram applicable to energetic deposition (35) 
2.3 Thin Film Deposition/Fabrication 
2.3.1 Introduction 
The method by which the thin film is deposited influences the structural evolution of the layer; hence 
different deposition techniques are likely to produce different film properties. Thin films for barrier 
applications can be deposited using a multitude of techniques, the 2 main categories relevant to this 
work being chemical vapour deposition (CVD) and physical vapour deposition (PVD). 
In CVD, as the name suggests, the film is deposited as a result of chemical reactions. The material 
source is introduced in the gas phase (known as a precursor) which interacts and/or decomposes on 
the substrate surface. Many variants of CVD exist and Section 2.3.3 will describe three of the most 
common used for depositing barrier layer films; basic CVD, plasma enhanced CVD (PECVD) and atomic 
layer CVD (ALCVD) (also known as atomic layer epitaxy (ALE) or, as is most commonly known and will 
be referred to in this thesis, atomic layer deposition (ALD)). 
PVD is a method where a solid or liquid material is vaporised, usually in a vacuum, and condenses on 
a surface to produce a thin film. There are many variants of PVD with the most common techniques 
being evaporation and sputtering. Evaporation is typically used for low cost, large area, high 
throughput products (food packaging, decorative coatings or in the form of plasma enhanced 
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evaporation for e.g. wear resistant coatings), and sputtering for higher quality products such as 
electronic or optical devices. The main difference between these techniques is the mechanism 
through which the source material (target) is energised to produce a vapour. With evaporation, the 
source material is vaporised through bulk heating (by an electron beam or wound filament). In 
sputtering, by applying a voltage to the target, its surface is bombarded with ions from a vacuum gas 
plasma (typically Ar) that transfers kinetic energy to the surface. This causes momentum transfer 
between the surface atoms and bulk atoms, which results in the release of target material. These two 
methods will be described in more detail in Section 2.3.4. As the bulk of this thesis is based on Plasma 
Quest’s proprietary PVD technology, remote plasma sputtering, Section 2.3.5 is specifically devoted 
to describing this sputter deposition process. 
Many of the deposition techniques highlighted above require the use of a vacuum gas plasma hence, 
before detailed descriptions of the techniques are given, the basic principles of plasma generation are 
described. 
2.3.2 Basic Principles of Plasma Generation 
Although utilised in different ways, many CVD and PVD techniques make use of a vacuum gas ‘glow 
discharge’ plasma. A gas plasma is usually considered to be the fourth fundamental state of matter 
where atoms in a gas either gain or lose electrons, becoming ionised (36). In a plasma, charged 
particles (with near equal amounts of ions and unbound electrons) and neutral atoms are free to move 
with overall charge neutrality (37). Although not common place on Earth, plasma is the most common 
state of matter in the universe, with more than 99 % of visible material including stars, nebulae, and 
interstellar particles occurring in this form (38).  
A plasma, for processing purposes, can be generated by coupling electrical energy through a low 
pressure noble gas, usually Ar, to form a glow discharge. The electrical energy can be input in many 
ways, usually by applying a DC or RF electrical bias to two electrodes or via electrodeless excitation by 
coupling electromagnetic energy though an insulating chamber wall (24). The easiest and most 
common generation mechanism is the parallel-plate (also known as planar diode) configuration using 
DC electrodes, as shown in Figure 2.4. The applied voltage causes an avalanche effect in the gas where 
the few electrons initially present in the gas (caused by external effects such as radioactivity or cosmic 
radiation) are accelerated towards the anode. In its path towards the anode, the electron might collide 
with an Ar atom with enough energy to cause the ejection of another electron from the atom resulting 
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in a positively charged Ar+ ion. The resultant Ar+ ion will be attracted to the cathode and the two 
electrons (negatively charged) will be repelled from the cathode during which they can potentially 
ionise more Ar atoms (schematically presented in Figure 2.5). If the Ar+ ion impacting the cathode has 
sufficient kinetic energy, secondary electrons will be emitted from the cathode, which then continues 
the process. If both the energy input and gas pressure are appropriate, this process will cascade to a 
point where a glow discharge appears and a stable plasma state is reached. This glow discharge will 
become self-sustaining whilst the applied electric potential remains between the electrodes. The gas 
pressure required is in the range of ~ 3 x 10-2 – 3 mbar and the potential applied is usually in the 
thousands (-1000-2000 V) of volts (39). The average distance a particle can travel before colliding with 
another particle is known as its mean free path. The mean free path of a particle is inversely 
proportional to the particle size, as shown in equation ( 2.1 ) (40): 
 
 
𝜆 =
1
√2𝜋𝑑2𝑛
 
( 2.1 ) 
where n is the particle density (in cm-3) and 𝜋𝑑2 is cross sectional area of the particle. 
 
Figure 2.4: Geometry of the parallel-plate DC glow discharge (24) 
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The higher the pressure, the smaller the mean free path, as there is a greater probability of a collision 
before reaching the anode; however if the pressure is too high the electrons do not have enough time 
to gain sufficient energy between collisions to ionise atoms and the glow discharge cannot be 
achieved. A high voltage applied between the anode and cathode is needed so the electrons have high 
enough energy to cause many collisions before losing all their energy. Once a stable condition has 
been achieved, the ions can be used to cause sputtering or to aid thin film growth. 
The details of plasma generation and the use of plasmas in practice is far more complicated than 
described above and will be discussed and detailed further when considering the relevant deposition 
techniques in the following sections.  
 
Figure 2.5: Newly produced electrons are accelerated toward the anode and the process cascades (41) 
2.3.3 Chemical Vapour Deposition 
In a CVD system, the source material (precursor) enters the process chamber in gaseous form which 
is often mixed with another gas that acts as a carrier. The chamber contains a heated substrate onto 
which the gas mixture thermally decomposes, leaving a thin layer of the source material on the surface 
and producing a by-product. The by-product is then evacuated from the chamber along with any 
unreacted precursor gas with the assistance of a purge gas, usually Ar (24). There are many derivatives 
of CVD; ultra-high vacuum, atmospheric pressure, hot/cold wall reactors, all using temperature ranges 
of 200 – 1600 °C. The main advantages of CVD are fast deposition rates with good to excellent quality 
material and good conformal coverage1. However, to obtain a highly dense coating, elevated substrate 
temperatures are required, typically > 500 °C, which is too great for flexible polymer substrates (42). 
                                                          
1Conformal coverage is where a uniformly thick, contour matching film is deposited over an uneven surface morphology; this 
can include down trenches and vias which have high aspect ratios 
1000V 
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Also the by-product gases from the process may be corrosive, flammable or toxic and hence must be 
treated appropriately, causing significant expenditure and adding to the production costs. 
To reduce the substrate temperature and hence permit the deposition onto flexible polymers the 
process can be assisted by the use of a plasma, termed plasma enhanced CVD (PECVD). The plasma 
may be generated by an RF or DC discharge between two electrodes as described above.  The 
substrate temperature can be reduced to ~ 150 °C as the plasma is used to cause, or at least assist, 
decomposition of the precursors. In addition, PECVD typically produces denser coatings than 
conventional CVD and for deposition of barrier layers PECVD is the preferred technique. However, 
similar waste handling is required and the plasma may induce surface damage, making it unsuitable 
for some applications and restricting the materials that can be processed.  
A sub-set of CVD is atomic layer deposition (ALD). In CVD the precursor and reactant gas are an 
introduced simultaneously and the energy (heat, plasma etc.) is kept constant. With ALD the precursor 
gas (a volatilised metal-organic compound), the reactant (H2O, NH3, O3 etc.) and the purge gas 
(typically Ar) are individually and repeatedly sequentially introduced to the surface, producing a 
consistent layer-by-layer growth process. The precursor is bled into the process chamber and the 
single layer of the precursor absorbs onto the substrate surface. The reaction is self-limiting; once all 
the surface of the substrate is completely coated with an atomic layer of the precursor material, the 
reaction stops as no more active sites are available. This ideally delivers perfect monolayer coverage, 
although in practice not all sites are covered and an ‘island growth’ mechanism is initiated, similar to 
PVD. The remaining precursor is then purged away. The reactant is then introduced separately, which 
reacts with the initial layer, producing another self-limiting layer. The remaining reactant is purged 
away. This is then repeated and the thickness controlled by the number of cycles. 
As an example, the deposition of Al2O3 (a commonly used barrier layer material) by CVD would consist 
of a binary reaction, 2Al(CH3)3 (or trimethylaluminum (TMA)) as the precursor and 3H2O as the 
reactant, to create a thin film of Al2O3 and a by-product of methane. 
2Al(CH3)3 + 3H2O  Al2O3 + 6CH4 
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In ALD this reaction is split into two surface half-cycles at ~ 150 – 200 °C (43):  
1. AlOH* + Al(CH3)3 (the precursor)AlOAl(CH3)2* + CH4 
2. Purge cycle (remove remaining precursor) 
3. AlCH3* + H2O (the reactant)AlOH* + CH4 
4. Purge Cycle (remove remaining reactant) 
(where * denotes the active surface species). In the first reaction, the trimethyl aluminium, TMA, 
(Al(CH3)3) reacts with the aluminium hydroxyl (OH*) species on the surface and methane gas released 
as a volatile by-product. Once Al(CH3)3 has absorbed on the available sites, the reaction stops and Ar 
is then used to purge the unreacted (Al(CH3)3) and CH4. In the second reaction the H2O reacts with the 
methylated aluminium surface species (AlCH3) again releasing methane. Ar is used to purge away the 
unreacted H2O and CH4, depositing approximately one monolayer of Al2O3. This step also re-
hydroxylates the substrate surface (44). ALD produces dense, highly conformal, nearly pinhole-free 
thin films that are ideal for gas diffusion barriers (45).  The self-limiting atomic layer-by-layer process 
allows precise control over film thickness and homogeneity (46).  
It was first thought that ALD was unsuitable for flexible barrier layers due to the high process 
temperatures required. However over the past 10 years much research has been conducted to reduce 
the operating temperature to ~ 100 °C with the use of a plasma assist to enable deposition onto heat 
sensitive polymers (47,48). 
As well as the inorganic process described above this self-limiting surface reaction can be used to 
deposit self-assembled organic films, known as molecular layer deposition (MLD) (49). 
Although the CVD technique has some unique advantages, especially for barrier layers, the main 
disadvantage is that many of the precursors are volatile and hazardous at near room temperature; for 
example B2H6 is explosive and highly toxic, Ni(CO)4 highly toxic, SiCl4 corrosive. Also, an extensive 
amount of hazardous waste (CO, H2, HF) is produced which is expensive to dispose. The materials that 
can be used as both coatings and substrates are also limited by the availability of suitably volatile 
precursors. The incompatibility of precursor and waste materials with the substrates can potentially 
be problematic especially for organic based substrates e.g. OLEDs. 
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2.3.4 Physical Vapour Deposition 
2.3.4.1 Introduction 
There are many PVD processes including; cathodic arc deposition, evaporation (thermal, e-beam, 
laser) and sputter deposition. This section will concentrate on the latter two as they are the most 
common in barrier layer applications. 
2.3.4.2 Evaporation 
Evaporation is the most widely used commercial deposition technique to deposit opaque permeation 
barrier layers for the food/medical packaging industry. 
In a small scale thermal evaporator (schematic shown in Figure 2.6a), the source material (evaporant) 
and substrate are placed in a glass bell jar or chamber and evacuated to low pressure. The source 
material is then heated; typically either through a twisted wire coil, boat (as shown in Figure 2.6a) or 
crucible which is indirectly heated by a resistive wire (24,50). 
If the evaporant is heated to a sufficiently high temperature it will evaporate (or sublimate) and the 
evaporated atoms will travel in a straight line and condense onto any substrate in their path. In 
evaporation the deposited material condenses onto the substrate with very little kinetic energy ~ 0.5 
eV (51). 
The deposition rate is controlled by the amount of current supplied to heat the source; hence flux 
monitoring is used and fed back to the current supply. The rate is difficult to control due to non-
uniform heating of the evaporant container. Thermal evaporation is difficult when using high melting 
point materials, also contamination between the source material and heating container can be an 
issue. These constraints can be improved by using an electron beam (e-beam) to supply the energy 
for evaporation (as shown in Figure 2.6b). Use of a high energy electron beam focused onto the source 
by a magnetic field facilitates the evaporation of high melting temperature source materials. This 
method minimises contamination as only the source material is being heated (not the boat) and also 
allows higher deposition rates with greater uniformity as the e-beam can be swept or oscillated over 
the source material. 
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Figure 2.6: Schematic of small scale (a) thermal evaporator, (b) electron-beam evaporator 
Compound materials such as oxides, nitrides and carbides can also be deposited via evaporation. The 
source material can be a compound, however higher temperatures are required to break the bonds 
for evaporation. To overcome this, the compound can be formed in a glow discharge, as described in 
Section 2.3.2, where the reactant remains (typically) metallic (hence can be evaporated at lower 
temperatures) while a reactive gas line (O2/NH3/CH4) is fed into the chamber in the vicinity of the 
plasma (schematic shown in Figure 2.7). The plasma ionises the metal vapour and the reactive gas and 
through the use of a negative substrate bias these ions are attracted to the substrate forming a thin 
film of the compound at the surface. This is known as activated reactive evaporation (ARE).  
A variant of evaporation is molecular beam epitaxy (MBE) and is used to deposit epitaxial thin films 
using a single crystal substrate. Here multiple source materials are heated separately in separate 
Knudesen cells (or effusion cells). The low deposition rate (~1 µm/hr) and close control of the 
individual sources allow repeated monolayers of material to be deposited, enabling epitaxial growth 
(52). 
Films produced on non-heated substrates using the standard evaporation technique often have poor 
adhesion and low density, which can lead to poor barrier performance. This is due to the low kinetic 
energy (~0.5 eV) (51) of the evaporated atoms, with the microstructure relating to zone 1 of the 
Thornton diagram (Figure 2.2). Despite this, the most commonly used barrier layer in mass production 
for food packaging (e.g. crisp packets, sweet wrappers) is by large scale deposition at line speeds up 
(a)       (b) 
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to 1000 m/min (8) using thermal evaporation of Al, as the barrier requirements are not as stringent as 
for OLEDs. 
Figure 2.7: Typical geometry for a compound film deposited by plasma activated reactive thermal evaporation 
2.3.4.3 Sputtering  
The main fundamental difference between sputtering and evaporation is the mechanism through 
which the source material is energised to produce a vapour. The simplest form of sputtering is DC 
planar diode sputtering where a simple plasma is used to produce the ions to cause sputtering. For 
this a noble gas, typically Ar, is introduced into an evacuated chamber (delivering a process pressure 
of ~ 10-2 to 1 mbar), the source material (known in sputtering as a target) is the cathode and the 
substrate is the anode. An electric gas discharge is generated by applying a potential between these 
two electrodes, this is the parallel-plate configuration described in Section 2.3.2. The plasma ions 
bombard the negatively biased target ( ~ -1000 V) (53) and transfer kinetic energy to the surface 
causing a momentum cascade and release of target material as vapour. 
The positive ions in the plasma are attracted by the electric field to the negatively charged cathode. 
Depending on the energy, mass, angle of incidence of the impacting ion and the binding energy of the 
target atoms the incident ion can bounce back, adsorb on the surface, implant or eject atoms from 
the target surface.  The ejection of atoms from the target surface is known as sputtering. The target 
atoms are either ejected through a direct collision from an Ar ion, although this is highly unlikely and 
would typically only occur for target materials where the atomic mass is less than that of argon, or 
through a collision cascade. Here the incident Ar ion can transfer momentum to the target surface 
atoms by a collision cascade to release a surface target atom. The majority of the sputtered material 
is composed of neutral target atoms, however in some cases they can be ions. Besides the ejection of 
target material a number of other processes might occur, as depicted in Figure 2.8.  
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The incident ions with low energy can be reflected, or if the incident ion has very high energy (> 2 keV) 
the ion can implant into the target (54). The incident ion can also excite target atoms to emit secondary 
electrons; these are subsequently accelerated away from the target, ionising neutral gas atoms which 
assist in maintaining the plasma. Secondary ions are also emitted however it is unlikely the positive 
ions will escape from the target but, if present, negative ions (e.g. negatively charged oxygen ions 
sputtered from a metal oxide target) are accelerated away. Excited sputtered ions can emit photons 
with wavelengths (both ultraviolet and visible) characteristic to the target material. X-rays can also be 
emitted which can sometimes cause damage to delicate substrates. 
The sputter yield is defined as the number of atoms/molecules ejected from the target per incident 
ion and sputtered material typically leaves the target in a cosine distribution profile.  The yield 
increases with incident ion energy, is dependent upon the mass ratio of the incident ion and target 
atom and is inversely proportional to the heat of sublimation.  The sputter rate is thus a function of 
the number of incident ions (target current / q) and the arrival rate at the substrate is affected by the 
process pressure and target to substrate distance.  
 
 
 
 
Figure 2.8: Illustration of ejected species from a target following impact of ion (54) 
If the target is made of an insulating material then Radio Frequency (RF) and pulsed DC (asymmetric 
pulses) power can be used to provide the target bias, preventing charge build up. Both methods use 
a fast alternating voltage to allow the target to periodically charge and discharge and the field reversal 
is fast enough that the plasma is not extinguished.  
2.3.4.4 Reactive Sputtering 
Reactive sputtering is used to describe sputtering from an elemental target in an atmosphere 
comprised of a sputter gas (Ar) plus an additional gas (e.g. O2, N2, H) that will react with the sputtered 
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target material to produce a compound film. This has advantages over the use of a compound target 
as the deposition rate is typically 2 to 3 orders of magnitude higher (due to the lower surface binding 
energies of the target atoms). Also metallic targets are typically cheaper and easier to handle and the 
ability to regulate the ratio of reactive gas to sputtered material is valuable for compositional control. 
When sputtering from a compound target, although both elements are being sputtered, the lower 
sticking coefficient of the electronegative element (e.g. F, O2, N2) is likely to result in a sub-
stoichiometric film, hence a small addition of the reactant in gas form is needed to produce a fully 
stoichiometric film (24).  
2.3.4.5 Magnetron Sputtering  
Although diode sputtering is still used in industry it needs to operate at high pressures (to increase 
the ionisation probability) and suffers from low ionisation efficiency as the electron path between the 
plates is short compared to the mean free path. This produces a low target current density ~ 0.1 – 2.0 
mA/cm2 and hence low sputter power and coating rates, unless very high voltages or pressures are 
used (which leads to other control issues due to the increased probability of generating damaging 
electrical arcs). 
To increase the number of ionising collisions, magnets can be placed behind the target, as shown 
schematically in Figure 2.9; this technique is known as magnetron sputtering. The motion of charged 
particles is affected by a magnetic field and the presence of the magnets behind the target serves to 
increase the electron path length in the target vicinity, which therefore increases the local ionisation 
efficiency. Localised high target densities of up to 100 mA/cm2 are achieved which yields a more 
efficient process as both the voltage to the target and the process gas pressure can be reduced to ~ 
500 V and 10-3 mbar respectively whilst still delivering high sputter power, resulting in an increase in 
deposition rate (55). A reduction in the process pressure increases the mean free path of the sputter 
flux, hence the sputtered species arrive at the substrate with increased kinetic energy (typically ~ 4 
eV) (56), enhancing adatom energy and aiding densification of the depositing film (57).  
One disadvantage of the magnetic arrangement is the uneven erosion of the target surface, resulting 
in an erosion profile as shown in Figure 2.9. This uneven erosion profile is referred to as the ‘racetrack’ 
and results in poor target utilisation of ~ 40% which can lead to process instabilities and coating 
variation, both spatial and temporal, especially in reactive sputtering mode (58,59). 
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Figure 2.9: Schematic diagram of a planar magnetron target. Note: The electron orbit 
 ratio is shown much larger than the actual size 
The racetrack profile arises because the motion of charged particles is altered in the presence of an 
electric (E) and/or magnetic (B) field.  If a charged particle is moving in a magnetic field it undergoes a 
force which is perpendicular to both the velocity and magnetic field direction. It has no effect on the 
velocity parallel to the B field but it forces the particle to gyrate about the field in the perpendicular 
plane. The frequency of this motion, known as the cyclotron frequency, ωc, is independent of velocity 
and depends only on the charge to mass ratio, as in equation ( 2.2 ): 
 
ω𝐶 =  
|𝑞B|
𝑚
 
 
( 2.2 ) 
The radius of this orbit is a function of the particle’s velocity, v, perpendicular to the magnetic field, B, 
and is defined by the Larmor radius, RL (equation ( 2.3 )).  
 𝑅𝐿 =  
𝑚𝑣
𝑞𝑒𝐵
 
( 2.3 ) 
where m is the mass of the charged particle, qe the charge of an electron (-1.6 x 10-19 C) and B the 
magnetic field vector (in units of Teslas). The ions and electrons drift in opposite directions and ions 
have a larger Larmor radius (Figure 2.10) due to their greater mass compared to an electron (me = 9.1 
x 10-31 kg and mi = 6.6 x 10-26 kg for argon). The strength of the magnets used behind the target are 
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typically 100-500 G (0.01-0.05 T) and with an energy of 20 eV for the particle this results in RL of ~ 6 - 
29 cm for ions and ~ 0.2 -1 mm for electrons. 
 
Figure 2.10: Particle drifts due to a magnetic field gradient (60) 
However the charged particles are subjected to forces from both the magnetic field (FB) and the 
electric field (FE) (from the target). The force on an electron due to an electromagnetic field is the 
Lorentz force (F) which is given by equation ( 2.4 ). As the secondary electrons and the electrons are 
repelled vertically by the electric field from the target they become trapped and at the same time 
forced sideways by the magnetic field. The net motion is a clockwise drift around the circle of the 
target, in the so called E x B direction. The electrons spiral around the magnetic field, confined to a 
region very close to the surface until they escape away from the target due to scattering collisions. 
 F = FE + FB = qe[E + (v x B)] ( 2.4 ) 
As a result of the magnetic mirror effect, where a charged particle can be reflected by a converging 
magnetic field, the electron density (and so the number of ions generated) is highest where the B field 
is parallel to the target, causing the sputter yield to be highest directly below this region. It is this 
electron trajectory which is responsible for the highly non-uniform erosion profile of the target.  
2.3.4.6 Complications Arising from the Racetrack Profile (Magnetron Sputtering) 
During reactive sputtering, the required amount of reactive gas is dependent upon the rate of flux of 
target metal.  If the target undergoes uneven erosion, any excess oxygen which is added to the process 
oxidises (‘poisons’) the less eroded parts of the target.  As more energy is needed to break the bonds 
of the compound compared to the pure metal the deposition rate in these regions is lowered further, 
leading to significant regions of reacted compound material which are usually poorly electrically 
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conducting. These regions may charge up due to plasma interaction, ultimately leading to localised 
arcing which can eject large particulates of material from the target and lead to particulate inclusion 
in the deposited film. 
The non-uniform erosion results in a sputter rate variation in which some regions ‘poison’ before 
others. As more target regions become poisoned, the sputter rate decreases which results in reduced 
reactant gas consumption leading to a further excess  of gas that causes more regions to be poisoned, 
ultimately leading to a ‘cascade’ process in which the full target may poison. 
This poisoning effect (occurring during deposition) can be seen by plotting the metal sputter rate 
(either from a thickness monitor or optical emission spectroscopy) versus the mass flow rate of the 
reactive gas. When poisoning occurs, this plot takes the form of a hysteresis loop (61) and is shown in 
an idealised form in Figure 2.11. When sputtering from a metallic target, the sputter (and hence 
deposition) rate is high (as shown by point A in Figure 2.11). As reactive gas is slowly bled into the 
deposition chamber it reacts with the metal flux and despite slight partial target poisoning the 
deposition rate remains high, as reactive gas atoms are added into the coating. Sub-stoichiometric 
films are produced until the reactive flow reaches a level which results in the complete reaction with 
all the metal flux (point B). If the reactive flow exceeds this level the excess gas reacts with (poisons) 
the metallic target. The sputter and deposition rates dramatically decrease as the sputter rate of the 
compound is lower than the metal (point C). If the reactive flow rate is subsequently reduced, the 
sputter and deposition rates remain low until the reactive flow is reduced far enough that the sputter 
flux exceeds the absorption rate of the reactive gas (point C) and hence the target reverts back into 
the metallic mode and a high deposition rate is again observed.  
 
Figure 2.11: Hysteresis plot showing the rate of metal sputtering with varying reactive gas Qi, with fixed Ar flow (24) 
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When using a magnetron sputter target, the non-uniform sputter rates of the differing regions of the 
racetrack results in a ‘runaway’ process before point B. The regions on the target where the sputter 
rate is lower become poisoned and they consume less reactant gas leading to a greater excess which 
poisons more of the racetrack region, leading to a further increase in excess reactant gas etc. This may 
show itself as an abrupt transition from the higher rate condition to the lower rate ‘poisoned’ state, 
the onset of this usually occurring prior to a full stoichiometric coating being achieved. 
In order to produce a fully stoichiometric film in standard sputter systems, especially magnetron 
systems, the reactive gas is added until the point where the deposition rate starts to reduce. To 
prevent process runaway, where the target becomes fully oxidised, active feedback loops are used to 
control the oxygen flow. This is typically carried out by using plasma emission monitoring (PEM) (62-
64) or by monitoring the target voltage (65). 
In a typical industrial scale magnetron system the planar target can be replaced by a cylindrical target. 
To improve target utilisation the target rotates around a static magnet array. This configuration can 
lead to very high target utilisation > 80% (66) but still suffers from the above hysteresis effect as only 
a small proportion of the target is being sputtered at any given moment in time. 
Many solutions have been developed to increase target utilisation and improve process stability, 
hence magnetron sputtering is the most common sputtering technique used in industry. 
2.3.4.7 High Power Impulse Magnetron Sputtering (HiPIMS)  
In addition to the RF and pulsed DC techniques described earlier (Section 2.3.4.3), another technique 
which utilises pulsed power is high power impulse magnetron sputtering (HiPIMS). Here, very short 
high power pulses are used to generate a very dense plasma for a short amount of time, this results 
in a substantial fraction of the sputter flux becoming ionised.  
In conventional magnetron sputtering only a small fraction of the sputtered target material is ionised. 
The ionisation can be increased by increasing the plasma density; however as the plasma density and 
sputter rate are intrinsically linked, any increase in the plasma density also increases the sputtering 
rate, effectively maintaining the same percentage of ions sputtered.  This process is also limited 
because very high powers cannot be constantly applied to the target due to the high heat load. By 
using a small duty cycle (~ 0.2), a short pulse (50-500 µs) of high peak power (> 1000 W cm-2) (67,68) 
can be applied to the target. This creates very high plasma densities (for ~ 100 µs after the pulse is 
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turned off) of over 1013 cm-3, compared with 1010 cm-3 for conventional magnetron sputtering. 
Although the applied target voltage is much greater than in conventional magnetron sputtering, the 
sputtered target species have a similar energy (a few eV) and hence will have a similar velocity through 
the plasma region. As the plasma density is much greater in HiPIMS, this gives a greater probability 
that the sputter material will become ionised as the ionisation energy of a metal is lower than Argon 
(e.g. 7.72 eV for copper and 15.76 eV for argon (69)). For HiPIMS up to 90% of sputtered material 
becomes ionised (70,71) and this is known as ionised physical vapour deposition (IPVD). An electrical 
bias can be applied to the substrate to influence the directionality and energy of arriving ionised 
species (72,73), resulting in greater penetration into high aspect ratio structures such as trenches or 
vias (74-77).  
Although HiPIMS can be used to generate a highly ionised flux, the disadvantage is the lower 
deposition rate compared to magnetron sputtering. There are varying explanations for this decrease 
and it was first thought it was due to the ‘back-attraction’ of sputtered material (78). However 
Bohlmark showed that adjustment of the magnetic field arrangement can influence the deposition 
rate (79) and Lundin has shown that a substantial fraction of sputtered material is deposited radially 
(perpendicular to the target surface) onto the chamber walls due to anomalous electron transport 
(80). 
Other methods to increase the amount of ionised flux include unbalanced and closed field magnetron 
sputtering (55), or using a secondary plasma source in the path between the target and substrate (e.g. 
inductively coupled plasma (ICP) (81)) or an electron cyclotron resonance (ECR) microwave plasma 
(74,82). 
2.3.5 Remote Plasma Sputtering 
2.3.5.1 Overview 
In 1998 Prof. Michael Thwaites, the founder of Plasma Quest Ltd., developed a variant of conventional 
sputter coating technology using a remotely generated plasma (83). It was first developed to provide 
full target surface erosion, as the plasma had uniform density across the target surface, which resulted 
in high deposition rates; hence the ‘brand name’ high target utilisation sputtering (HiTUS) was coined 
and used to market the technology. The remote plasma system (schematic shown in Figure 2.12 ), in 
common with other techniques, requires a vacuum chamber (including gas delivery and vacuum 
pumps), sputter target with a power supply to attract ions and a substrate holder to receive sputtered 
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material from the target. However, the differentiating technology compared to other sputter 
deposition systems is that the target itself is not required to generate the gas plasma needed for the 
sputtering process to occur; this is achieved by remotely generating a plasma in a side arm, termed 
the PLS (plasma source) adjacent to the vacuum chamber.  
Figure 2.12. A schematic diagram of the remote plasma sputtering system (84) 
The remote plasma source generates a high density plasma (>1013 cm-3) using an antenna to 
inductively couple the gas (typically Ar) with a 13.56 MHz RF field, causing the generation of a plasma. 
The usual inductively coupled plasma (ICP) generation process is greatly enhanced by the presence of 
a co-axial DC magnetic field produced by the electromagnet at the exit of the PLS into the main 
chamber. Additionally, the magnetic field produced by the PLS electromagnet results in a magnetised 
plasma (where the electron motion is constrained by the magnetic field) and the visible plasma glow 
region is observed to be able to be guided to the target by another electromagnet beneath the target. 
Certain conditions are needed to propagate the plasma from the generation region to the target. The 
DC magnetic field generated by the electromagnets is a critical element of the system. In an un-
magnetised plasma the free electrons are able to reflect the EM wave generated by the RF power 
supply when the plasma is ‘over-dense’, localising the plasma to the antenna region. The plasma is 
said to be over-dense when the plasma frequency2, ωp = 56400√ne (e/cm3), is greater than the angular 
drive frequency, ωo. In the case of a 13.56 MHz RF drive frequency the critical density is 2.3 x 106 e/cm3, 
many orders of magnitude lower than the plasma densities required for processing. However if the 
magnetic field is strong enough (B > 4.8 G) so that the electron cyclotron frequency, ωc, (equation ( 
2.2 )) is greater than the drive frequency, ωo, the EM wave can propagate along the magnetic field and 
                                                          
2Space charge oscillations at the natural frequency of the plasma 
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into the process chamber, thereby generating a plasma over the full path length and, in particular, at 
the remote sputter target, without any target power being needed.  
The plasma is however more extensive than the visible glow discharge region; a cross section of the 
plasma can be seen in Figure 2.13 highlighting 3 distinct regions. Region I is the high intensity ‘glow 
discharge’ plasma generation region and is where the majority of electrons are confined. Region II is 
the more extensive ‘ion rich’ plasma region allowing full target surface erosion. Region III is the low 
emission plasma region. Research work within PQL has indicated that the low emission plasma region 
also inputs energy into the coating growth process and enhances the reaction of sputtered target 
material and the reactive gas in the reactive sputtering process. 
Despite the increasing distance from the source, high ionisation efficiencies can be maintained to 
produce a high density of argon ions in front of the target surface. Within this visible glow region the 
ions are of uniform high density but have insufficient energy (below the sputter threshold) to cause 
sputtering. Application of a target bias (DC, RF, MF or pulsed DC) accelerates the ions to the target 
resulting in uniform sputtering and therefore uniform erosion across the full target surface.   
The sputtered material then passes through the plasma where it is energised and/or potentially 
ionised and condenses on the substrate. The sputter rate is dependent upon the target material, 
target power and process pressure, as with other sputter systems. 
 
 
Figure 2.13: The remote plasma in cross section, highlighting 3 distinct regions  
and the density of ions and electrons across the plasma (85) 
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The use of a remotely generated plasma, which is not driven by the target, allows independent control 
of the target voltage and ion current (Figure 2.14). Above -100 V the ion current ‘limits’ at a value that 
is dependent on the PLS RF power, process pressure and magnetic field strength. The plasma (ion) 
density and energy of the bombarding argon ions can be independently controlled giving a far larger 
window of operation than is available with traditional sputter techniques. The plasma itself is largely 
unaffected by the target bias providing an inherently stable sputtering process. 
Figure 2.14. Typical I-V response for remote plasma sputtering for 4 different RF powers (85) 
In a reactive remote plasma sputter process all of the surface of the target is exposed to the uniform 
density plasma, leading to uniform high rate erosion of the target and inhibiting reactive gas poisoning. 
Hence the material being sputtered is not significantly pre-oxidised, the sputter flux is essentially 
metallic, and the high metal target sputter rate is maintained. Remote plasma sputtering enables a 
stable reactive process to be achieved at constant oxygen flow without the need for feedback control. 
Optimising the setup of the remote plasma sputtering system for a reactive process is described in 
more detail in Section 3.2. 
A further benefit of remote plasma sputtering is that it is inherently an ionised physical vapour 
deposition (IPVD) process, as is achieved in HiPIMS or other sputter systems with a secondary plasma 
source. Although the plasma density in HiPIMS is higher during the high powered pulse, the plasma 
density in remote plasma sputtering is consistently high, delivering an overall much higher 
sputter/coating rate and commensurate level of ionisation. The ionised material is expected to be 
more reactive hence the plasma is also observed to increase reactivity thereby improving the coating 
properties, e.g. by delivering a fully reacted, ideally stoichiometric coating. 
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2.3.5.2 Plasma Characteristics 
As described above the remote plasma source allows independent control of the sputter material flux 
and energy and hence can be varied appropriately to alter the coating morphology and stress. The 
remotely generated plasma is a spatially extensive, variable strength magnetised plasma in which the 
ion and electron motion is significantly modified from that normally associated with other sputter 
techniques, with consequent impact on plasma generation, sputtering and deposition behaviour.  
In a typical plasma, the electron velocity is faster than the ion velocity due to the electron’s lower 
mass and higher temperature (equation ( 2.5 )) (37).  
 
c̅ =  (
8𝑘𝑇
𝜋m
)
1
2
 
 
( 2.5 ) 
The flux of electrons and ions impinging upon an electrically isolated substrate placed into the plasma 
is given by equations ( 2.6 ) and ( 2.7 ): 
 
j𝑒 =  
enece̅
4
 
( 2.6 ) 
 
j𝑖 =  
enici̅
4
 
( 2.7 ) 
For an electron: me is 9.1 x 10-28 g and e.g. Te ~ 2 eV (23,200 K), using equation ( 2.5 ), c̅e is 9.5 x 107 
cm/s je ~ 38 mA/cm2 
For an ion: mi is 6.6 x 10-23 g and e.g. Ti ~ 0.04 eV (500 K), using equation ( 2.5 ), c̅i is 5.2 x 104 cm/s,  
ji ~ 21 µA/cm2 
As the electron current density (flux) is higher, the electrically isolated substrate charges negatively 
with respect to the plasma (86).  The isolated substrate is said to have acquired a negative floating 
potential.   
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In the remotely generated plasma, the motion of electrons and ions perpendicular to the magnetic 
field direction is disproportionately restricted such that the usually higher electron drift mobility 
becomes less than the ion drift mobility. This inversion being most obviously demonstrated through 
an electrically isolated (floating) substrate charging positively, as opposed to negatively as reported 
with other similar systems. However, the positive floating potential of an isolated surface is not unique 
to the remote plasma system and has been observed in, for example, post-cathode magnetron and 
cathodic arc systems (56,87,88). The plasma in the remote plasma system therefore interacts with the 
substrate in an atypical way increasing adatom mobility by; a) atomic ‘peening’ by low energy Ar ions, 
b) energy input from metastable Ar and c) the low positive floating potential drawing energetic 
electrons from the plasma. These controllable extra process variables provide the potential for the 
HiTUS technology to be an ideal method to deposit dense, amorphous, stress free thin films suitable 
for barrier coatings. 
The remote plasma source can also be used to ‘clean’ the substrate before deposition (i.e. before a 
voltage is applied to the target) by switching off the electromagnet located beneath the chamber. This 
results in a diffuse plasma arriving at the substrate. The relatively low energy argon ions (< 10 eV) 
impinge the substrate, removing volatile species and improve coating adhesion. This provides a 
further potential advantage for the technique when applied to barrier coatings. Further discussion of 
the plasma details will be given in Section 8.2. An in-depth description of the remote plasma 
technology has been published by Hockley et al. (89). During the work described in this thesis, 
depositions were made from an elemental target (i.e. Al, Si, Ti, Cu), reactively (O2 and/or N2) sputtered 
to form an oxide/oxynitride coating. The process setup will be discussed in Chapter 4 and the 
deposition of these materials will be presented in Chapter 5. 
2.4 Summary 
This Chapter has briefly described the growth kinetics of thin films that are relevant to the formation 
of barrier layers, highlighting the 3 different initial growth modes and the parameters affecting thin 
film structure. An overview of different PVD and CVD techniques in general use in other barrier layer 
research has been given, identifying any key issues or limitations that have been observed. The basic 
principles of remote plasma sputter coating have been discussed and the potential impact of the 
plasma on the coating process outlined. This thesis will focus on this coating technique, the advantages 
it might provide over rival techniques when applied to barrier layer formation, and the results of 
experiments to assess whether this can be realised in practice.   
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Chapter 3. Barrier Measurements and Current Research 
 
3.1 Introduction 
Practically, a defect-free, continuous thin-film coating of an inorganic material would provide the 
ultra-high barrier properties required for OLED. However, in reality this is not the case, as all films 
contain structural or microscopic defects that compromise the barrier properties (90). This chapter 
will therefore begin by describing the main known failure mechanisms that can occur in thin film 
encapsulation (TFE). The mechanism of gas permeation though a barrier layer and how it is measured 
will be explored in Sections 3.3 and 3.4 respectively.  
This will be followed by an overview of the current published barrier layer research in Section 3.5 with 
the performance of encapsulation by a single barrier layer and with a multilayer stack of barrier layers 
being presented. Finally Section 3.6 will conclude all the current research presented here and highlight 
the direction of research. 
3.2 Failure Mechanisms 
Unfortunately, PVD and CVD inorganic thin films exhibit various defects that form during growth of 
the thin barrier layer which tend to propagate through the film thickness. Permeation can occur via 
intrinsic and extrinsic defects (as illustrated Figure 3.1), allowing moisture and oxygen to propagate 
far more rapidly through the film than by bulk diffusion. Intrinsic defects arise from the micro-
structural evolution of the film (Figure 2.2), these include voids (columnar growth), grain boundaries 
and interstitial defects (91). If the thin film has a columnar structure, then voids exist at columnar 
boundaries which present an easy diffusion path for moisture and oxygen. Moisture and oxygen can 
also propagate along grain boundaries in polycrystalline thin films and hence it is usually advantageous 
to have an amorphous structure (90). Extrinsic defects (usually referred to as pinholes) arise from 
geometric shadowing from surface asperities (spikes and scratches), anti-block3 particles on substrate, 
airborne particulates on the substrate and particulates resulting from micro-arcing of the sputter 
target during deposition, for example (92). Current models show that the main permeation 
                                                          
3 Polymer substrates for a roll-to-roll process are deliberately manufactured to include ~ 1 µm protruding particles (anti-
block particles) to prevent adjacent film being adhered together during wind up and unwind.  
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mechanism through an inorganic film is defect-dominated gas diffusion, caused by micro-sized 
extrinsic defects (pinholes) rather than bulk diffusion through the intrinsic film (93-97). The two main 
methods to improve thin film barrier properties are to increase the coating density and to reduce the 
size and number of defects (92). 
 
 
 
 
 
 
The protection afforded by a barrier layer can be quantitatively assessed by determining the 
oxygen/moisture permeation rate.  This is achieved by measuring the steady state rate at which 
moisture/oxygen permeates through a substance of a specific area over time. It is known as the water 
vapour transmission rate (WVTR) and has the units gm-2day-1, although not scientifically correct the 
majority of literature express the units as g/m2/day.  
Bare polymer substrates typically have a WVTR ~ 1 g/m2/day, for example polyethylene naphthalate 
(PEN) has a WVTR of 7.3 g/m2/day (98). This value would be too high for most applications and hence 
LCD/OPV/OLEDs will degrade far too quickly to be a commercially viable product. The WVTR values 
needed for different applications are: (99) 
Bare polymer substrate                     1    g/m2/day 
Food packaging     10-1 g/m2/day 
Radio Frequency Identification (RFID) tags  10-2 g/m2/day  
Electrophoretic displays    10-2 g/m2/day  
Liquid Crystal Display (LCD)    10-3 g/m2/day  
Solar Cells      10-4 g/m2/day 
Organic Light Emitting Diode (OLED)   10-6 g/m2/day  
Pinholes       Columnar growth   Grain Boundaries 
 
 
 
 
Particulate
  
Thin film  
Substrate
  
 
 
 
 
 
 
 
 
  
 
 
  
Figure 3.1: A schematic diagram showing the defects that can occur in thin films: pinholes, voids 
and grain boundaries; allowing moisture and water to propagate rapidly through the film 
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Hence, the applications listed above require the addition of an impermeable barrier layer on the 
substrate to provide adequate protection against moisture and oxygen. In addition, the permeation 
barriers for flexible devices must withstand repeated flexing. The barrier layers, usually 20 nm – 10 
µm thick, can be metal, polymer, oxides or nitrides (for transparency). 
If moisture permeates through an organic photovoltaic (OPV) it degrades both the active absorber 
material and the transparent front electrodes. Therefore, OPV cells must fulfil the international 
standard, IEC-61646 (100), that includes a damp heat test where the PV cells are exposed to 85 °C and 
85 % RH for 1000 h. After this time, the efficiency of the cells must not fall below 95 % of the original 
value.4 
Similarly for OLEDs, if moisture and oxygen permeate through the barrier, it can damage the device in 
many ways; it can oxidise the cathode (usually LiF (1-10 nm) covered with Al), delaminate the organic 
layer (101) or oxidise the metal at the organic interface. Each prevents electron injection from the 
cathode into the polymer resulting in darks spots on the emitting device area. Although OLEDs require 
higher barrier properties than OPVs, they have different lifetime requirements. OPVs are designed for 
long-term use, > 25 years (102), whereas the average lifetime expectancy for OLED devices in a typical 
smart phone is ~ 3 years. Unlike OPVs there is no testing standard for OLEDs, however a widely quoted 
barrier layer suitable for OLEDs is that it should have a lifetime of > 10 000 h, with a WVTR of 1 x 10-6 
g/m2/day (103).  
3.3 Mechanism of Gas Permeation 
The mechanism by which a gas permeates through a defect-free film (polymer and barrier coating) 
that separates a wet and a dry environment (pressure gradient) can be described as a three stage 
process; 1) absorption into the film, 2) diffusion through the film, 3) desorption. The permeant 
pressure in the wet chamber, p1, is greater than the permeant pressure, p2, in the dry chamber. Once 
the permeant has adsorbed onto the surface it can diffuse through the film. Initially, the rate of 
permeation across the film increases; this is known as the lag time. At a certain point, the diffusion 
rate will remain constant (providing the pressure difference is maintained across the polymer) and 
this is known as steady state. 
                                                          
4As well as moisture permeation, the PV cells must maintain their efficiency when exposed to UV radiation (irradiance of 7.5 
kWh/m2 in the wavelength range between 280 nm and 320 nm and 15 kWh/m2 between 320 nm and 400 nm) (22). 
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The absorption and desorption can be defined using Henry’s law of solubility equation ( 3.1 ), where 
at a given temperature the amount of gas (permeant) dissolved in a material is directly proportional 
to the partial pressure of gas above it.  
 𝑐 = 𝑆. 𝑝 ( 3.1 ) 
where c is the concentration of permeant, S is the solubility of permeant in the film and p the permeant 
pressure. 
Once the permeation rate has reached steady-state, the permeant diffusing through the film with a 
concentration gradient can then be described using Fick’s Law (the first law of diffusion). Fick’s law 
states that the diffusion flux (J) of a permeant through the film is a linear function of the concentration 
gradient and is a function of thickness; equation ( 3.2 ).  
 
𝐽 =  −𝐷
𝑑𝑐
𝑑𝑥
 
( 3.2 ) 
where J is the flux (or rate of transport) per unit area, D is the diffusion coefficient, c is the 
concentration of permeant and x the distance from the film surface, hence dc/dx is the concentration 
gradient of the permeant across a thickness dx. When steady-state diffusion has been reached the flux 
per unit area is constant, hence Fick’s first law can be integrated across the total thickness of the film, 
x, between the two concentrations; equation ( 3.3 ). 
 
𝐽 =
𝐷(𝑐2 − 𝑐1)
𝑥
 
( 3.3 ) 
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Substituting Henry’s law equation ( 3.1 )  into Fick’s Law equation ( 3.2 ) gives equation ( 3.4 ). 
 
𝐽 =
𝐷𝑆 (𝑝2 − 𝑝1)
𝑥
 
( 3.4 ) 
Assuming the permeant concentration is independent of the diffusion coefficient, D, and S is the 
solubility of the permeant, then the permeability coefficient, P, can be defined in equation ( 3.5 ). 
 𝑃 = 𝐷. 𝑆 ( 3.5 ) 
Hence the water vapour transmission rate can be expressed by equation ( 3.6 ); 
 
𝑊𝑉𝑇𝑅 =
 𝑃(∆𝑝) 
𝑥
= g / m2/day 
( 3.6 ) 
where x is the film thickness. 
For a multilayer structure where the barrier comprises of different layers, the total permeability, PT, 
can be expressed by the Laminate theory in equation ( 3.7 ) (9,104). 
 1
𝑃𝑇
=  
𝑥𝑝 𝑥⁄
𝑃𝑝
+
𝑥𝑐 𝑥⁄
𝑃𝑐
+
𝑥1 𝑥⁄
𝑃1
+ ⋯ 
( 3.7 ) 
where  
x = total multilayer thickness 
xp = polymer film thickness 
xc = inorganic film thickness 
x1 = other layer thickness 
Pp = permeability of polymer 
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Pc = permeability of inorganic film 
P1 = permeability of other layer 
Real time testing of the barrier layer(s) performance would take too long and hence accelerated 
testing is used at a specified high temperature and high relative humidity (RH) to determine the WVTR.  
3.4 Measurement of Barrier Layers 
3.4.1 Introduction 
There are several methods to determine the barrier performance of a thin film; however the 
commercially available systems do not meet the sensitivity requirement for OLEDs. Section 3.4.2 and 
3.4.3 will describe the commercially available systems and their limitations. The latter sections will 
discuss other methods used primarily in a research and development environment. 
3.4.2 Infrared method (ASTM F-1249) 
The industry standard test to measure barrier layer performance is the infrared (IR) method 
(standardised against ASTM F-1249/ Tappi T-557) manufactured by MOdern CONtrol, of Minneapolis, 
Minnesota, MOCON™. MOCON manufacture instruments to measure the permeation transmission 
rates of oxygen, water vapour and carbon dioxide. The PERMTRAN-W range measures the steady state 
rate at which water vapour permeates through a film (WVTR) at specified conditions of temperature 
and relative humidity. A schematic diagram of the MOCON test facility is shown in Figure 3.2. The 
sample is placed between a dry and a wet chamber to form a diffusion cell. An atmosphere with a RH 
ranging from 20 to 100 % is supplied to the wet chamber with a temperature of 38 °C (as per ASTM 
F1249). Dry N2 is swept through the chamber on the other side of the film, while any water vapour 
that has diffused through the film is pumped to a pressure modulated infrared sensor.  The sensor 
measures the IR absorption by the water and thus the water vapour concentration is then compared 
with a known calibration sample (traceable to National Institute of Standards and Technology (NIST)) 
to calculate a water vapour transmission rate (WVTR). Before the measurement can begin the sample 
is exposed to this environment until a steady-state permeation is reached, this is known as the 
‘conditioning time’ (or lag time as mentioned in Section 3.3) and this alone can take two days. 
Duplicate measurements are conducted on the same system simultaneously; the average of the two 
produces the WVTR value. The current sensitivity limit for this technique is 5 x 10-3 g/m2/day. 
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Other gas transmission rates can also be measured by MOCON; the PERMATRAN-C range assesses 
carbon dioxide (CO2) transmission rates and the OX-TRAN assesses oxygen transmission rates.  
 
Figure 3.2: A schematic diagram of the MOCON™ test method (114) 
3.4.3 Coulometric Method 
The sensitivity of the MOCON systems has been improved by an order of magnitude (to 5 x 10-4 
g/m2/day) by using a coulometric-type reaction detector, COULOX®. The chemical reaction is governed 
by Faraday’s second law of electrolysis, where every water molecule that enters a phosphorous 
pentoxide (P2O5) moisture sensor is directly converted to a measureable charge (105,106). The 
detection limiting factor for this technology is air leaking through the O-ring seal between the sample 
and the test cell.  
Based on the same technology a smaller company, Systech Illinois, based in Oxfordshire UK, also 
manufacture a gas permeation analyser, their Systech Illinois 7000 analysers have a WVTR detection 
limit of 2 x 10-3 g/m2/day (107). 
The coulometric method is the measurement technique used throughout this thesis. 
3.4.4 Calcium Test 
A more sensitive permeation measurement method, and a very common method used in research 
studies, is the ‘calcium (Ca) test’. Developed by Nisato et al. (108), the Ca test monitors changes in 
optical transmission which can be used to calculate an effective WVTR and this can be used to 
determine a time-to-failure. A schematic diagram showing the principle of the technique is given in 
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Figure 3.3 (109). This technique involves depositing an opaque Ca pad onto a transparent substrate, 
usually glass (which does not permeate H2O and O2). This structure is glued onto the barrier film of 
interest with an epoxy seal and UV cured. The opaque Ca pads are converted to a transparent oxide 
when exposed to H2O/O2 and the dominating reaction is Ca + 2H2O -> Ca (OH)2 + H2. The sample is then 
placed on a back light and a camera monitors the degradation of the Ca pad over time to compute the 
effective WVTR. As the Ca test displays the failure visibly this has the advantage that it can distinguish 
between intrinsic (observed as a uniform increase in optical transmission) and micro-defects 
(observed as spots) permeation failure. 
 
Figure 3.3: A schematic diagram of the calcium test. (a) Calcium pads are sandwiched between a glass substrate and 
the thin-film barrier layer. (b) The optical transmission of the Ca pads are measured as a function of time and the 
increase of the transmission provides the WVTR (109) 
The lowest reported sensitivity for the effective transmission rate for H2O through barrier films using 
the Ca test is ~ 3 x 10-7 g/m2/day. However, it does not discriminate between oxygen and water 
permeation (110). This implies that the sensitivity for the WVTR reported above is an upper limit since 
other permeants could be present.  
The effective WVTR can be calculated by measuring the optical density through equation 
( 3.8 ) 
 
𝑊𝑉𝑇𝑅 =  −2𝐴 
𝑀 [𝐻2𝑂]
𝑀[𝐶𝑎]
𝜌𝐶𝑎
𝐿𝐶𝑎. 𝑊𝐶𝑎
𝐿𝑠. 𝑊𝑠
𝑑(𝑂𝐷)
𝑑𝑡
 
 
( 3.8 ) 
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where A is the scaling factor between the Ca thickness and optical density (OD), ρca is the density of 
Ca (~ 1.55 g/cm2), L and W the length and width of the Ca pad and the test area defined by the edge 
seal, d(OD)/dt is the slope of the measured optical absorbance versus time. 
The Ca test has not been adopted by industry due to its unreliability; samples are measured with 
numerous different temperatures and relative humidities with results often varying between different 
test systems and operators. Another drawback of this method is that it requires the capability of 
handling very atmospheric sensitive Ca thin films and difficult packaging procedures are required. The 
main challenge for this technique is the edge sealing as eliminating edge ingress through the epoxy is 
very difficult. To obtain a perfect seal the epoxy is usually applied mechanically and can be further 
improved by using a double edge seal. Thus, the technique does not allow high throughput evaluation. 
Like MOCON, the time taken to observe any corrosion of the Ca can take weeks or months. 
As well as monitoring the Ca degradation optically, the Ca test can be modified to measure the 
corrosion of Ca electrically (111), as Ca is conductive and Ca(OH)2 is an insulator. In this method 
corrosion resistant metal strips are placed at the edges of the Ca pads (usually Au). The sample is 
exposed to a high humidity environment and as the moisture reacts with the Ca pads the resistance 
changes. The effective WVTR can be calculated by measuring the change in conductance of the Ca 
through equation ( 3.9 ): 
 
𝑊𝑉𝑇𝑅 =  −𝑛𝛿𝐶𝑎𝜌𝐶𝑎
𝑑(𝐺)
𝑑𝑡
𝑙
𝑤
𝑀 [𝐻2𝑂]
𝑀[𝐶𝑎]
𝐴𝑟𝑒𝑎 [𝐶𝑎]
𝐴𝑟𝑒𝑎 [𝑠𝑎𝑚𝑝𝑙𝑒]
 
( 3.9 ) 
where n denotes the molar equivalent of the degradation reaction (n=2), δca is the Ca resistivity and 
ρca the density of Ca (~ 1.55 g/cm2), d(G)/dt is the linear fitting in the conductance change verses time. 
M[H2O] and M[Ca] are the molar masses for water vapour, 18 amu, and Ca, 40.1 amu, respectively. 
3.4.5 Mass Spectrometry Based Detection Systems 
Mass spectrometry based systems to detect the permeation through thin film barrier layers have been 
developed by Ulrich MißeGasanalyse-Systeme. Here the barrier layer is mounted within a diffusion 
cell in a similar manner to the MOCON technique. Both chambers either side of the barrier film are 
evacuated. One side is exposed to a constant H2O pressure while the other side is at ultra-high vacuum, 
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~ 10-10 mbar. Over time moisture will diffuse through the barrier film and the gas on the other side is 
periodically swept to a gas chromatograph for water quantification. The main advantages of this 
technique are that the detection system is nonspecific, both H2O and O2 can be detected 
simultaneously, and the sensitivity is very high. However it is very difficult to control and calibrate the 
zero baseline as H2O and O2 can leak into the detector from the vacuum seal.  Avoiding water 
condensation on the chamber walls is also very difficult and hence obtaining a WTVR of < 10 -5 
g/m2/day currently appears out of reach (112). To eliminate the background noise and improve the 
sensitivity of the technique H218O is used instead of H2O as the permeant species to distinguish the 
permeation water from that which is present in the chamber. The two main UK manufacturers of mass 
spectrometry systems to determine WVTR are Technolox and VG Scienta. 
3.4.6 Radioactive Tracer Test 
The radioactive tracer test method is based on a similar concept of ASTM F1249, but instead uses 
tritiated water as the permeant. Tritiated water (HTO) is where the stable hydrogen atoms are 
replaced with the radioactive hydrogen isotope tritium (T or 3H). Again the sample is placed in a 
diffusion cell where one chamber is dry and the other is filled with tritiated water (HTO). A schematic 
diagram of the system is shown in Figure 3.4. The tritium can diffuse through the film either as 
molecular HTO or as tritium atoms. Lithium chloride (LiCl) is placed in the dry chamber and absorbs 
the tritium that has diffused through the film. Once complete, the LiCl containing tritium is dissolved 
in Perkin Elmer Ultima GoldTM (113) and the tritium decay counted with a scintillation counter to 
provide the tritium transmission rate (TTR). 
 
Figure 3.4: A schematic diagram of the radioactive tracer test to measure the water vapour transmission rate (90) 
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3.4.7 Novel Techniques 
At the National Physical Laboratory (NPL) UK, Brewer has developed a very high sensitivity 
measurement technique which uses laser absorption to assess the amount of H2O in gas form as water 
uniquely absorbs near IR wavelengths. As with many other techniques described above, the barrier 
layer is placed within a diffusion cell, one side is exposed to water the other to dry N2. The H2O diffuses 
through the barrier film and the N2 gas (which includes diffused H2O) is swept to a cell where the laser 
interacts with the gas. The sensitivity of laser absorption can be improved by increasing the path 
length by enclosing the laser beam between two highly reflective mirrors. The beam will continuously 
reflect between the two mirrors, interacting with the gas. The intensity of the short laser pulse will 
exponentially decay as it interacts with the H2O; the time for the light to decay to 1/e of its initial 
intensity is described as the ‘ring-down time’ giving a quantitative measurement of the amount of H2O 
transmitted. This technique is known as ‘cavity ring down’ spectroscopy, giving a high sensitivity for 
detection of H2O at parts per billion (ppb) levels in seconds.  Brewer has shown the proof of concept 
to be very effective; however there are concerns that commercial implementation will be expensive 
(114). 
DeGroot has devised a screening methodology based on the Ca test (115). The main drawback of the 
Ca test is the capability to handle and package Ca pads as they readily oxidise in atmosphere within 
seconds. DeGroot’s method replaces Ca with Al. Al is also susceptible to moisture degradation but in 
atmospheric conditions the Al surface forms a protective thin film (few nm) of Al2O3, hence the Al pad 
can be stored for extended periods without a change in optical properties. DeGroot reports on the 
deposition of 1” x 1” Al pads on glass and encapsulating with the potential barrier layer for testing. 
The sample is then subjected to accelerated exposure testing using an electric steam steriliser with a 
temperature of 115 °C and 100 % RH. This method was not designed to directly measure the lifetime 
of the barrier layer but to induce maximum degradation for rapid determination of performance. Any 
H2O/O2 that has diffused through the barrier layer reacts with the Al pad to form transparent Al2O3 
and hence the decrease in optical density can be measured. The barrier layer is deemed a failure when 
the optical density of the Al underneath has decreased by more than 10 % of the initial value (same 
percentage used for the Ca test) (115). Due to the elevated temperatures and high humidity, the 
concentration and energy of the permeant is greater than at ambient conditions, hence the previously 
formed atmospheric oxide layer (few nm thick) is not sufficient to protect the underlying Al. Similar to 
the Ca test, this technique has the advantage that it can distinguish between bulk and pinhole 
degradation.  
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One of the biggest challenges when studying barrier films is to distinguish between localised 
permeation (failure due to large pinholes associated with defects) and bulk permeation (failure due 
to the film). Using an optical microscope it is very difficult to image micron-sized defects on a 
transparent thin film deposited on a transparent substrate. Sobrinho et al. have developed a 
technique to make visible micron-sized defects within the film based on reactive ion etching (RIE) 
(116). Firstly a barrier layer is deposited on a polymer substrate, then using RIE the sample is exposed 
to a low energy O2 plasma. The O2 plasma will be able to penetrate the smallest of defects (in the 
inorganic layer), undercutting the polymer at the point of the defects. This sample can then be studied 
in the optical microscope, SEM or TEM. This method can be used to map the defect density and to 
further understand the origins of these defects. 
Defect identification using cross sectional TEM is very difficult. Elrawemi has analysed defects in 
planar, rather than cross section TEM (117). This method could be used to determine if the barrier 
layers are failing due to large asperities penetrating through barrier coating. This is achieved by 
depositing a barrier layer onto PEN and bonding this coated polymer on a TEM Cu grid (with the coated 
side bonded) followed by a chemical etch of the PEN. Using the STEM in TE mode, it may be possible 
to identify the presence of large pinholes (117). 
Mechanical testing of barrier layers is highly important for flexible devices; however there have been 
relatively few reports of the mechanical durability of permeation barriers. The main reason for this is 
the difficulty in characterising failure in a statistically significant manner. Some researches perform 
permeation tests on samples with and without bending; however this is very time consuming and 
requires a large number of samples (118,119). 
3.4.8 Summary 
For future development and commercialisation of barrier layers it is essential that further research is 
conducted on the understanding of permeation mechanisms and how device degradation occurs. 
Currently there remains no commercial technique able to measure the high WVTR sensitivity required 
for OLEDs (10-6 g/m2/day); the current commercial equipment available from MOCON has a limit of 5 
x 10-4 g/m2/day (coulometric method). 
Laboratory based techniques, for example the Ca test or mass spectroscopy, remain either too 
complex or expensive for commercialisation with no standardisation between these techniques (21). 
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The National Physical Laboratory (NPL) are currently working on calibration standards for these 
techniques as well as developing the cavity ring down spectroscopy method which is expected (with 
further development) to achieve a sensitivity factor for WVTR of 10-6 g/m2/day. 
3.5 Overview of Current Barrier Layer Development 
3.5.1 Introduction 
In the packaging industry the most commonly used inorganic barrier layer is evaporated Al2O3.  Its use 
has most likely evolved from the Al barrier layers used by the industry in the 1970s and Al2O3 has the 
additional benefit of offering both optical transparency (for easy product identification) and 
microwave transparency. The barrier materials currently used by other industries are difficult to 
determine as the majority of this information is commercially confidential (9). 
For all barrier layers, the desirable properties include being highly dense, amorphous with no 
columnar structure, free from defects and, if used for OPV/OLED applications, optically transparent. 
For the latter requirement, metal oxides and nitrides are typically used. A considerable amount of 
research has been conducted on a range of different materials and the most common include; Al2O3 
(46,90,98,120-123), SiO2 (104,119,124-129), TiO2 (130,131), HfO2 (132), InSnO (ITO) (133), ZnSnOx, 
(ZTO) (131,134), SiOxNy (135-137), AlOXNy (138). The barrier performance depends not only upon the 
barrier material, but also the deposition mechanism used.   
 
The remainder of this chapter will give an overview of the current research in this field. Two main 
approaches have been widely adopted in order to attempt to produce barrier properties suitable for 
OPV and OLED devices; single layer coatings (discussed in Section 3.5.2) and multilayer coatings 
(discussed in Section 3.5.3). More recent developments have led to novel approaches and these 
alternative methods are discussed in Section 3.5.4.  However it must be noted that it is difficult to 
make a quantitative comparison of the WVTR for each thin film material as they are deposited by a 
variety of techniques on many different polymers and their barrier performance evaluated by an 
assortment of methods with varying test conditions. 
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3.5.2 Single Layer 
3.5.2.1 Evaporation 
The application of a single layer is the simplest method of improving barrier performance. The most 
widely used method in the packaging industry to deposit transparent barrier layers is by thermal or e-
beam evaporation. Evaporation is an attractive technique due to the high production line speeds of ~ 
1000 m/min (8) producing typical WVTRs for Al2O3 and SiO2 of ~ 0.5 g/m2/day. To date it is unable to 
produce the required high barrier properties required for OPV/OLEDs (139-141). 
 
3.5.2.2 Sputtered Barrier Layers 
Sputtered atoms have a higher adatom energy (~ 4 eV) compared to thermally evaporated material (~ 
0.2 eV) and therefore has the potential to produce layers with a higher density and hence achieve an 
improved barrier performance. 
A considerable amount of research has been conducted on a range of different sputtered inorganic 
thin film materials for barrier applications, the most common include Al2O3 and SiO2 and an overview 
of the WVTRs achieved is shown in Table 3.1. The WVTRs are typically improved by an order of 
magnitude compared to the values achieved by evaporation. There are numerous reports of poorer 
WVTR in the literature however the best reported for TiO2 is x 10-1 g/m2/day and other materials low 
x 10-2 g/m2/day (measured by MOCON). Fahlteich showed that for Al2O3 and ZnSnOx (ZTO), better 
WVTRs are obtained when running in the transition mode on the hysteresis curve (Figure 2.11) than 
the oxide mode. 
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Table 3.1:  Overview of the WVTR achieved for different single layer materials deposited by sputtering 
Material Sputtering Method Substrate WVTR (MOCON) Reference 
Al2O3 Dual magnetron roll-to-
roll system 
PET 3 x 10-2 g/m2/day Carlton 2006 (91) 
Planar magnetron, 
reactive sputtering  
PEN 1 x 10-2 g/m2/day Park 2012, Lewis 
2004, Bishop 2010 
(9,103,142) 
SiO2 Planar RF magnetron PEN 5 x 10-2 g/m2/day Fahlteich 2009 (22) 
TiO2 Planar magnetron, 
reactive sputtering 
PEN 3 x 10-1 g/m2/day Park 2011 (142) 
ITO Dual rotatable magnetron PET 4 x 10-2 g/m2/day  Affinito 1996 (143) 
ZnSnOx Planar magnetron, 
reactive sputtering 
PET 2 x 10-2 g/m2/day Fahlteich 2009 (22) 
SiZnO 
(SZO) 
Planar RF magnetron  PI 5 x 10-2 g/m2/day Kim 2015 (144) 
 
In addition to pure oxides, the addition of nitrogen to the oxide has also been investigated as a means 
of improving the barrier performance.  Metal oxynitrides also possess optical transparency and it is 
believed that the incorporation of N2 produces a more compact structure advantageous for barrier 
performance. Erlat, Iwamori and Lee have investigated incorporating N2 into AlOx and SiOx films 
(92,137,145,146) and studied their barrier performance. For both materials it was observed that 
nitrogen incorporation improved the barrier performance compared to the pure oxide material, with 
an order of magnitude improvement observed for SiOxNy. For the AlOxNy film, the improvement was 
attributed to N-rich sites chemically interacting with the water, trapping the molecules and reducing 
the permeation (92).  For the SiOxNy, it is thought the incorporation of nitrogen leads to a reduction in 
the formation single bond O defects (137). 
 
3.5.2.3 Plasma Enhanced Chemical Vapour Deposition 
Potential benefits of PECVD over sputtering include high deposition rate and high conformal coverage.  
Conformal coverage is important when depositing a barrier layer on complicated architectures (such 
as OLEDs) and anti-block particles used on roll-to-roll substrates to prevent the roll sticking together 
(147). An overview of the WVTRs achieved by different materials deposited by PECVD is shown in 
Table 3.2, and the WVTRs are comparable to those achieved by sputtering (Table 3.1). For PECVD, high 
density films with low impurities are achieved at higher temperatures, hence the films with the lowest 
WVTR are deposited on heat stabilised poly-ether sulfone (PES) at ~ 180 – 190 °C. 
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Using PECVD, Jin et al. have shown that improved barrier properties can be achieved by applying an 
RF bias to the substrate (103). This causes ions to bombard the surface aiding adatom mobility and 
hence increases the density of the growing film. However the best WVTR reported by Jin et al. was 2.5 
x 10-1 g/m2/day (measured by MOCON) (148).  
Table 3.2: Overview of WVTR achieved by PECVD 
Material Method Substrate WVTR (MOCON) Reference 
SiOx PECVD - 150 °C High temperature PES 3.0 x 10-1 g/m2/day  Wuu 2005 (140) 
PECVD - 50 °C PET 1.3 x 10-1 g/m2/day Bieder 2005 (138) 
SiON PECVD - 60 °C PET 7.6 x 10-2 g/m2/day Jin 2013 (137) 
SiCN Organic catalytic CVD 
180 - 190 °C 
High temperature PES 1.0 x 10-3 g/m2/day Nakayama 2011 
(141) 
 
3.5.2.4 Critical Thickness 
The permeation rate through a defect-free bulk film should exhibit Fickian diffusion (equation ( 3.2 )) 
and hence should vary inversely with film thickness. However, this is not normally observed for thin 
film barrier coatings. Typically, the gas permeation will decrease with coating thickness up to a ‘critical 
thickness’, tc, of ~ 100 nm, but for larger thicknesses (typically > 300 nm) the WVTR increases 
(149,150). It is speculated that the relaxation of mechanical stress in the layer leads to micro-cracking 
and therewith an increasing number of defects in the layer at higher layer thicknesses (151,152).  
However, researchers have reported optimum barrier properties at much higher thicknesses (> 1μm) 
(127,147).  Using PECVD, Howells and Bieder found that using thicker SiOx achieved a better barrier 
performance (WVTR of 9 x 10-2 g/m2/day at 50 °C) than thinner films. The increased thickness was 
achieved by increasing the number of passes of the web through the deposition region, hence it is 
speculated that this multiple pass deposition process blocks most of the continuous defects 
throughout the film, leading to long and highly intricate pathways for water/oxygen to permeate 
through the SiOx. A schematic diagram of the growth process proposed by Howells and Bieder is shown 
in Figure 3.5. These 1 µm thick films also exhibited good mechanical properties, although the best 
mechanical properties were observed for the films with high impurity carbon content (18 -25 %) (due 
to the high flow of precursor - hexamethyldisiloxane (HMDSO)), however a slight colouration of the 
film was observed. Moghal et al. have shown that a multiple pass deposition is also advantageous 
when sputtering Al2O3. For sputtered films the multiple pass method allows the build-up of thick Al2O3 
layers without a significant build-up of residual stresses producing a WVTR of 1 x 10-3 g/m2/day (118). 
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Figure 3.5: Schematic representation of the growth of SiOx on a thin  
polyester substrate during multiple pass deposition (127) 
3.5.2.5 Atomic Layer Deposition 
As described in Section 2.3.3, atomic layer deposition (ALD) can produce dense, highly conformal, 
nearly pinhole-free thin films that are ideal for gas diffusion barriers (45). ALD has produced the best 
single layer barrier film to date, with Carcia et al. reporting a WVTR permeation rate of 6.5 x 10-5 
g/m2/day (measured by Ca test) for an Al2O3 film grown at 120 °C (121). However, this deposition 
temperature exceeds the 100 °C glass-transition temperature of many functional OLED materials, 
making this process unsuitable. Reduction of the deposition temperature results in a decrease in 
density, refractive index and growth-per-cycle (GPC) (47). Films grown at temperatures as low as 50 
°C are highly defective (containing ~20 % H2) and although the barrier performance can be improved 
by increasing the thickness, the yield remains problematic (123).  
Although Al2O3 deposited by ALD has been shown to display the best barrier properties, concerns with 
the slow growth rate and vulnerability to corrosion by water have been raised (46,104,121,153). The 
lower than optimum process temperature (< 100 °C) required to deposit onto polymeric substrates 
can lead to surface reactants not having enough thermal energy to reach completion, resulting in an 
Al2O3 film that is susceptible to hydration reactions and corrosion from water vapour (154). Carcia et 
al. have investigated coating an Al2O3 barrier layer with a 100 nm thick surface layer of Si3N4 deposited 
by PECVD to prevent corrosion from water vapour. The additional SiN layer allows the use of thinner 
Al2O3, which results in a faster deposition time. The barrier performance of 5 nm Al2O3 layer plus SiN 
(100 nm) deposited on PEN was evaluated using the Ca test; the additional SiN not only improved the 
corrosion resistance properties, but it reduced the WVTR from ~3.5 x 10-4 g/m2/day (for single 10 nm 
thick Al2O3) to < 5 x 10-5 g/m2/day at 38 °C and 85 % RH (98). 
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Evaporation, sputtering and PECVD have been used commercially for many years; however roll-to-roll 
ALD currently still remains a research tool. Over the last 10 years there has been a huge drive to 
develop ALD for commercial production purposes and within the last few years prototype commercial 
systems have been manufactured with great success.  
In conventional (time-sequence mode) ALD, the precursors are introduced to the chamber 
sequentially (purging in-between), resulting in a very slow deposition rate (1 nm/min for Al2O3) (155) 
which makes upscaling to large substrate sizes complicated. Standard thermal ALD of alumina makes 
use of trimethylaluminum (TMA) and water as precursors. It is essential that excess water is removed 
before continuing with the next step of the ALD, this requires very long purge times of up to 180 s at 
33 °C. To overcome this scale-up issue, researchers have developed ‘spatial ALD’ where the TMA and 
water half-reaction zones are separated in individual chambers. Lotus Applied Technology and Poodt 
have developed 2 different roll-to-roll approaches and the schematic diagrams of these systems are 
shown in Figure 3.6 and Figure 3.7 respectively. The main advantage of spatial ALD is the high 
deposition rate (>1 nm/s for alumina (156)), however Al2O3 deposited by roll-to-roll ALD currently has 
a WVTR an order of magnitude higher (~10-4 g/m2/day) in this configuration than in conventional ALD, 
due to damage of the coating by contact with the rollers and mechanical strain (157-159). 
A further concern of using ALD is that it has the disadvantage that it can suffer from poor repeatability 
as it is a cyclic chemical process. Therefore, there is always a risk of residue being left from the 
precursors, hence the process can be unreliable.  
 
Figure 3.6: Lotus’ spatial ALD roll-to-roll coater (22) 
 
Figure 3.7: Schematic drawing of the spatial ALD reactor concept (155) 
 At present, commercially deposited single layer films cannot reproducibly achieve the WVTR 
necessary for OLED devices. Due to the presence of pinholes (93-97), the barrier performance cannot 
be indefinitely improved simply by increasing the thickness of the deposited film. Consequently, many 
H2O 
N2 
 
 
AlCl3 
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researchers have concentrated on developing appropriate multilayer structures where the defect 
growth is disrupted, resulting in longer diffusion paths.  This is discussed in the following section. 
3.5.3 Multilayers 
Most single barrier layers provide, at best, only 2 or 3 orders of magnitude improvement over the 
water transmission rate of the polymer substrate and although single layer ALD grown films are 
proving promising, the yield remains problematic. In addition, the WVTRs for the single layers 
discussed in Section 3.5.2 are primarily the rates achieved before flexing and therefore their true 
flexibility and viability is not represented. Single inorganic layers are typically brittle and prone to 
cracking when flexed, making them unsuitable for use in flexible devices. To improve flexibility the 
inorganic layers can be sandwiched between a polymer. This polymer-multi-layer (PML) approach is 
not a new technique, in the late 1970s General Electric (GE) (New York) used this PML 
(polymer/aluminium) technique to create thin film capacitors to replace wound metallised polyester 
capacitors (143). This technique was first reported for multilayer barriers by Shaw and Langlois in 1994 
(160). Alternating layers of polymer (acrylate) and metal were used to give a 3 orders of magnitude 
improvement in WVTR compared to the bare substrate (achieving 1 x 10-2 g/m2/day). Each polymer-
metal layer was termed as a ‘dyad’ (160). Two years later, Affinito used this technique but replaced 
the metal with an inorganic (Al2O3) layer. Affinito presented data on a structure of polymer (1 µm)/ 
Al2O3 (25 nm reactively sputtered)/polymer (0.24µm) deposited on PET that achieved a WVTR of 1.5 
x 10-2 g/m2/day (measured by MOCON) (143). The authors proposed that the polymer layer improved 
the WVTR by covering over the defects giving a smooth layer for the subsequent oxide film to be 
grown on. The smoothing effect is a result of the deposition process in which the polymer is applied 
in liquid form and UV cured.  
The alternating inorganic/organic multilayer structure has been further developed by Vitex System 
Inc., a company developing thin-film encapsulation and moisture barrier films based in California. 
Vitex’s inorganic comprised of a reactively sputtered Al2O3 layer and the organic polymer layer a 
polyacrylate deposited via flash evaporation of the monomer followed by UV curing.  The thickness of 
the inorganic layer is in the order of tens of nanometers and polymer in the micrometres range. The 
inorganic layer is used to reduce the H2O and O2 permeation. The organic layer itself exhibits poor 
barrier properties buts acts to provide a smooth surface for growth of the inorganic layer, thereby 
reducing mechanical damage, interrupting growth of defects and even covering particulates, as shown 
in Figure 3.8 (134). The permeation process is governed by a ‘tortuous path’ mechanism, shown 
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schematically in Figure 3.9 (161), and by repeating the alternating process to deposit multiple layers 
the path length of diffusion is increased, thereby increasing the barrier performance.  Researchers 
typically report that up to 6 dyads are needed to produce the barrier performance required for OLEDs 
(Charton, Schiller et al. 2006), however, increasing the number of dyads increases the cost and time 
in production (162). Vitex has patented this structure under the trade name Barix® and it is the most 
widely used barrier multilayer structure to date. A cross sectional SEM image of the Barix® structure 
is shown in Figure 3.10. With this general approach, Vitex and others claim effective WVTRs, 
approaching the 10-6 g/m2/day target (90,162-165). In 2002, Samsung bought the rights to the Barix® 
patent. 
Figure 3.8: SEM cross sectional image of a particulate coated with inorganic/organic/inorganic multilayer. The defect 
in the first inorganic layer is caused by a particle on the substrate, the organic interlayer covers the defect, providing 
a smoother surface for the second inorganic layer (134) 
 
Figure 3.9: A schematic diagram showing the tortuous diffusion path through the polymer layer resulting from 2 
defects in the upper and lower AlOx layers (93) 
In addition to the barrier performance, the optical properties of these multilayers are also critical. To 
et al. has shown that due to the inherent absorption of the materials and interference effects resulting 
from the multilayer structure the transmission can be severely reduced, hence careful consideration 
of individual layer thicknesses is required (166). Consideration of the deposition technique must also 
be given, as this may also be detrimental. For example, To et al. created a multilayer stack of CFx 
deposited by CVD followed by co-oxide growth of SiO2 and Al2O3 deposited by magnetron sputtering; 
however the optical transmission was severely reduced due to ion damage of the CFx surface from the 
oxygen rich plasma required for the deposition of SiO2/Al2O3.  
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Figure 3.10: A cross section SEM image of the multilayer barrier layer, Barix®  
- comprised of repeating inorganic/organic layers  
Although the Barix® structure has reported effective WVTRs of 1 x 10-6 g/m2/day (measured by the Ca 
test), Graff et al. has shown that this multilayer structure does not greatly improve the steady-state 
permeation rate (see Section 3.2). Graff has shown that the ‘apparent’ low WVTR is due to the Barix® 
multilayer structure exhibiting long ‘lag’ times and not a reduction in steady-state permeability. Graff 
presents calculations suggesting a multilayer structure may provide long diffusion paths for permeants 
resulting in lag times on the scale of years; hence WVTRs presented in other papers during this initial 
transient period are misleading and will be detrimental in the long term to devices such as OPVs (93). 
However this could potentially still be effective for devices with short lifetimes (average smart phone 
lifetime ~ 21 months), as many dyads can be used to ensure that the breakdown of the barrier 
properties takes longer than the device lifetime (155). 
 
3.5.3.1 CVD Deposition of Organic and Inorganic Layers  
As mentioned above, the inorganic and organic layers are usually deposited by two different 
techniques. However, using only RF magnetron sputtering, Liu et al. have deposited a 1 dyad 
inorganic/organic multilayer employing a SiO2 target and a polymer target of dicyclopendaience 
dioxide cured with maleic anhydride (DCPD/MA), resulting in a WVTR of 0.26 g/m2/day (MOCON) 
(167). 
Gunther has combined PVD and PECVD using a dual magnetron system with an additional precursor 
inlet, so the plasma from the magnetron can also be used as a plasma source for a PECVD process. 
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Using hexamethyldisiloxane (HMDSO) as the precursor and zinc tin oxide (ZTO), a 3 layer multilayer 
was grown with a WVTR of 3 x 10-2 g/m2/day (134). 
PECVD has a unique ability to prepare films with properties ranging from organic SiOxCyHz (polymer-
like) to inorganic (SiOx–like) in the same process by varying the ratio of organosilicon monomer/O2 in 
the plasma (168,169). Typically the type of monomer does not significantly alter the resultant barrier 
performance; however the ratio of the monomer to O2 flow is critical. Too little monomer was found 
to result in a less dense structure, excess monomer resulted in impurities in the growing film, both 
reducing barrier performance. Too little O2 resulted in high concentrations of carbon in the film, too 
much O2 and the film became over brittle and prone to stress cracking (170). 
 
3.5.3.2 Flexibility 
An issue with the Barix multilayer structure is that there are stresses at the interface of the inorganic 
and organic layers, causing delamination, which potentially offer a path for the water vapour to travel 
along. Furthermore, the two layers have abrupt interfaces with weak bonding due to the two different 
deposition processes and intrinsic differences, which with repeated mechanical or thermal cycling this 
structure is prone to delamination, leading to rapid failure of the barrier layer (102,171). By using 
PECVD, the inorganic and organic layers can be gradually graded. Researchers at General Electric (GE) 
deposited the inorganic layer by using a combination of saline, ammonia and oxygen to create a SiOxNy 
coating and the organic layer by combination of Si-containing organic precursor and Ar to crease a Si-
containing organic material SiOxCy. The graded transitional zone is obtained by mixing the gases of the 
2 processes. TEM cross sectional images of this graded structure are displayed in Figure 3.11 and show 
the transitional zone to be ~ 10 nm thick. Grading the inorganic and organic layers is believed to 
improve mechanical stability and stress relaxation (172). With a mechanical bend radius of 1” diameter 
the GE structure gave an effective WVTR measured by the Ca test to be 5 x 10-5 – 5 x 10-6 g/m2/day. 
The deposition was performed at 200 °C and hence a novel high temperature stable polycarbonate 
substrate with a Tg of ~ 240 °C was used (149). Liu showed that a 1 µm thick multilayer with this graded 
structure can be deposited in 8 minutes using PECVD (173). 
Currently the best transparent single barrier layer is produced by ALD is 6.5 x 10-5 g/m2/day (measured 
by Ca test) (121), however Dameron has shown that > 2 dyads (Al2O3/SiO2) produced solely by ALD 
leads to a degradation of the barrier performance to ~ 1 x 10-3 g/m2/day resulting from the brittleness 
of the two materials at larger thicknesses (as thickness exceeds the critical thickness) (104). 
Barrier Measurements and Current Research     
69 
 
Figure 3.11: Cross section TEM images of a graded barrier coating of SiOxCy and SiOxNy at  
(a) low magnification (b) high magnification showing the interfacial region © [2005] IEEE (149) 
Kim et al. deposited a dyad of SiOx (100 nm) fabricated by PECVD and Al2O3  (50 nm) by ALD onto PET 
with a WVTR of 2.4 x 10 -5 g/m2/day at 20 °C and 50 % RH, as measured by the Ca test (un-flexed) (119). 
This dyad was then bent around a cylinder with a 0.64 cm radius of curvature, the WVTR was then re-
measured but the permeation was so high that it was impossible to measure the effective WVTR (119). 
To increase the flexibility of these barrier films, Kim et al. sandwiched the brittle barrier layer between 
a 1 µm polymer epoxy, this minimises the strain experienced during flexure. During bend testing this 
structure the effective WVTR remained at 2.4 x 10-5 g/m2/day (119). However additional testing is 
required to investigate the long-term stability of the structure under repeated bending. 
A similar approach was conducted by Seo et al., who deposited a dyad of TiO2 (9.6 nm) by ALD and a 
self-assembled monolayer (SAM) molecule of 7-octenyl tricholorosilane (7-OTS) (organic layer) (80 
nm) by molecular layer deposition (MLD) (49). It was demonstrated that this dyad produced a lag time 
of 19 hours. Increasing the number of dyads to 3 and 5 increased the lag time from 72 to 155 hours 
respectively, however the steady state permeation remained the same. Using the Ca test (at 60 °C and 
85% RH), the WVTR of the 5 dyad sample measured during the lag time was 7 X 10-4 g/m2/day. Seo 
concluded the multilayer approach was effective in extending the lag time but not the steady-state 
permeation (49), as also suggested by Graff (161). 
It is clear from the multilayer results that producing an inorganic/organic multilayer improves the 
flexibility of the barrier layer, however it is speculated that the multilayer only increases the lag time 
and not the steady state permeation. The multilayer approach is prone to delamination at the 
interfaces hence it is generally thought that the most promising method is a graded multilayer 
structure  (49,161). 
a)                     b) 
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3.5.4 Alternative Methods 
A novel approach to reduce the WVTR is to use moisture ‘getter’ materials such as Ti and Al. Duggal 
filed a U.S. patent to embed ‘getter’ material particles into the inorganic to absorb the H2O and oxygen 
permeating through the film (174). The size of the getter particles needs to be sufficiently small (below 
the wavelength of visible light), otherwise the film will appear cloudy due to optical scattering. 
As an alternative method to using an organic layer to ‘supress’ the defects, Tera-Barrier Coatings have 
used reactive and non-reactive nanoparticles to ‘plug’ the pinholes in the thin film (175). Reports have 
claimed that the nanoparticles serve two functions; sealing the defects and actively reacting with and 
retaining oxygen and moisture achieving a WVTR of 1 x 10-6 g/m2/day (measured by Ca test at Centre 
of Process Innovation UK). No technical information has been reported except for a scanning electron 
microscope (SEM) image of the nanoparticles plugging the defects (Figure 3.12), Tera-Barrier Coatings 
have signed agreements with a few companies to advance this technology commercially (176).  
Figure 3.12: SEM images of: (a) 200 nm pinholes in an Al2O3 barrier film; (b) sealed pinholes (200 nm) after an Al2O3 
nanoparticle sealing process (175) 
Finally, it should be noted that some companies (e.g. 3M) are improving the barrier properties of the 
barrier polymer substrates by laminating two multilayer barrier coated polymer films and bonding 
them together with a low permeation adhesive (FTBA-25) (177). 
3.6 Summary 
In this chapter the mechanisms of gas permeation have been discussed, along with the current 
methods to evaluate permeation barriers.  
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One of the main problems for material evaluation and development of permeation barrier layers is 
that existing testing methods are not sufficiently sensitive and/or have a slow throughput. Improved 
standardised permeation rate measurements systems for ultrahigh barrier films are needed.  
A current literature review has revealed that the realisation of mass produced flexible OLED devices 
requires further advances in thin film permeation barriers. The permeation barrier layer must be 
dense, amorphous, with no columnar structure and free from pinholes. At present, commercially 
deposited single layer films cannot reproducibly achieve the WVTR necessary for OLED devices. 
Permeation through barriers is typically controlled by pinholes. Consequently, many researchers have 
concentrated on developing appropriate multilayer structures where the defect growth is disrupted, 
resulting in longer diffusion paths. However each new structure and fabrication process has different 
processing, mechanical, and optical considerations.   
The majority of WVTRs reported in the literature are for a flat polymer that has not been exposed to 
any mechanical strain. Continually flexing the coated polymer can induce cracking or delamination of 
the inorganic films. Reducing the intrinsic stress in the inorganic layer and sandwiching the inorganic 
layer between two organic layers minimises the strain experienced. However the inorganic/organic 
interface is abrupt with weak bonding due to the two different deposition processes and intrinsic 
differences. Repeated mechanical or thermal cycling of this multilayer structure can cause 
delamination and hence cause early failure of the barrier layer. To overcome this, the 
inorganic/organic layer can have a graded composition, however to date this has only been achieved 
by PECVD.  
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Chapter 4. Experimental Methodology 
 
4.1 Introduction 
This chapter will describe the foundations of the experimental methodology used throughout this 
thesis. Section 4.2 will begin by discussing the setup of the remote plasma sputtering technology 
developed by Plasma Quest Ltd (PQL). Section 4.3 will briefly describe the experimental techniques 
used to characterise the thin films and Section 4.4 will describe the methodology used to measure the 
water vapour transmission rate of the films. 
4.2 Setup of a Remote Plasma Reactive Sputter Process 
Elements of the remote plasma system differ slightly depending on the specific process (conducting 
target, semiconducting target, insulating target, non-reactive process, reactive process etc.). The work 
presented in this thesis concentrates on dielectrics deposited reactively (from an elemental target)  
thus work done to generate optimum basic system operations are not included within this thesis, but 
can be found in the system operating manuals (89). 
The basics of remote plasma sputtering are described in Section 2.3 and as explained previously, the 
high rate uniform target erosion (approximately 40 monolayers a second, equivalent to 3.9 x 1018 
atoms/s for Al for 0.5 A over a 4” diameter target) enables a stable reactive process to be achieved at 
constant oxygen flow without the need for feedback control. For standard magnetron reactive 
sputtering a ‘hysteresis’ response is characteristic (see Figure 2.11), but with the remote plasma 
system  there is usually no benefit running the process with a significant excess of reactive gas, hence 
there is no need to operate in the ‘hysteresis’ region. 
When setting up a remote plasma process in the reactive mode it is important to ensure the visible 
glow discharge at the target is correctly positioned and of appropriate size to allow optimal full surface 
sputtering; if not poisoning may occur on the lesser eroded areas leading to process instabilities and 
a decrease in deposition rate. Positioning of the plasma ‘beam’ can be adjusted by varying the PLS and 
target electromagnet current ratio with both visual inspection and target current monitoring being 
used to assess optimum positioning. The plasma ‘beam’ diameter can also be varied by altering the 
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RF antenna relative to the PLS electromagnet separation. To ensure good alignment of the plasma, a 
thin sheet of aluminium foil can be placed over the target and the plasma power slowly increased; the 
electron confinement region of the plasma will eventually locally evaporate the foil, producing a visual 
representation of the generation region (as shown in Figure 4.1). Whilst there may be a benefit in 
erosion uniformity by having the diameter of the central portion of the beam (region II) (see Figure 
2.13) slightly larger than the target size, a drawback is that the electron confinement region (region I) 
will sit over the dark shield and may result in undesirable contamination due to the heating of the dark 
shield insert by the electrons. Therefore, it is typical to have region I sitting just inside the target, 
eliminating this problem.  
 
 
 
 
Figure 4.1: 'Foil test' showing good alignment of plasma to target (85) 
A deposition first begins by evacuating the chamber using a roughing pump (to ~ 8 x 10-2 mbar) 
followed by a turbo-molecular/ cryogenic pump to achieve a base pressure of < 9 x 10-6 mbar. Argon 
gas is firstly introduced to the deposition chamber and the flow rate is controlled by a mass flow 
controller (MFC). The required flow rate is dependent on the chamber volume and pump speed and a 
typical initial process (or working gas) pressure is ~ 2 x 10-3 mbar (the process pressure can range from 
~9 x 10-4 to 5 x 10-2 mbar).  Operating at different process pressures can result in different 
morphologies. Referring to the structure zone model (Figure 2.3), at lower pressures the sputter flux 
has a high mean free path. The flux will arrive at the surface with several eV of kinetic energy, 
increasing adatom re-arrangement hence the film growth is towards Zone T/2. At high pressure the 
sputter flux undergoes many collisions hence the atoms arrive at the substrate with little energy 
resulting in a Zone 1 film structure. The temperature axis in the Anders diagram does not require the 
bulk film to be heated, but instead, only the surface of the growing film is required to be at an elevated 
temperature. In the remote plasma sputter system this can be achieved through the inherent plasma 
assist.  
Foil ‘evaporated’ in an annulus by high 
energy electron region of the plasma 
(target visible) 
Remaining foil at target edges and centre 
Dark shield insert 
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With the substrate shutter closed, the two electromagnets are turned on before the RF generator is 
initiated; a matching unit is employed which automatically matches the impedance of the RF power 
supply to the output impedance of the chamber, striking a plasma. This produces a high density (>1013 
ions cm-3) but low energy (<10 eV) Ar gas plasma in which the visible glow region is confined and 
guided to the target by the magnetic field produced by the two electromagnets. Application of a 
negative target bias (above -100 V and typically -600 V for the depositions in this thesis) accelerates 
the ions to the target resulting in uniform sputtering and therefore uniform erosion across the full 
target surface. The target is ‘cleaned’ prior to deposition, removing any memory of previous coatings 
or contamination from exposure to air. The typical target conditioning time is 5 minutes.  
When establishing a reactive process, the required partial pressure of the reactive gas is set by the 
sputter flux rate which, to a first order approximation, is a linear function of target power and is also 
a function of RF power (as the oxygen reactivity changes with energy input). The reactive gas is 
introduced at the substrate and is increased incrementally until one of the following is observed; the 
process pressure rises, the plasma colour changes and/or (typically) the target current rises. The 
reactive process usually consumes all the available reactive gas, for example oxygen, hence a rise in 
process pressure indicates poisoning of target, resulting in an excess of oxygen. The unpoisoned 
process typically stabilises within 2 minutes, after which time the substrate shutter is opened enabling 
the compound to form on the substrate.  
This thesis will use the remote plasma process to deposit Al2O3, SiO2, TiO, Cu2O, SiOXNY onto glass, Si 
and PEN. Depositions will be made from an elemental target (i.e. Al, Si, Ti, Cu), reactively (O2 and/or 
N2) sputtered to form an oxide/oxynitride coating. The process will be optimised to produce a coating 
that is optically transparent, measured using an optical spectrometer. 
 
4.3 Characterisation 
All coating characterisation is performed ex-situ. Post deposition, the films have been characterised 
for their morphology and structure, chemical composition, thickness, topography and optical 
properties using the following techniques. 
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4.3.1 Morphology and Structure 
4.3.1.1 Secondary Electron Microscopy (SEM)  
A scanning electron microscope (SEM) produces a high resolution image (spatial resolution of 1.2 nm 
at 30 keV) of a sample by scanning a focused beam of electrons across the sample. The incident beam 
interacts with the sample producing secondary electrons, backscattered electrons, photons and heat. 
The secondary and back scattered electrons are both used for imaging; secondary electrons are used 
to understand the morphology and backscattered electrons are employed for illustrating contrasts in 
composition (atomic number contrast). The use of the X-ray photons is explained in Section 4.3.2. The 
morphology of the films were studied using a cold cathode field emission Hitachi S4000 scanning 
electron microscope (SEM) operated at 10 – 30 keV or a Schottky field emission cathode Joel JSM-
7100F SEM operated at 3 – 30 keV , imaging both the surface and fractured cross sections. 
For SEM analysis the sample is typically mounted on a stub appropriate for the particular SEM and 
mounted flat for topographical imaging or cleaved using a diamond scribe for cross section analysis. 
As the electrons bombarding the sample are electrically charged the sample needs to be conductive 
enough to dissipate the charge. To overcome charge build up for non-conducting samples, a thin layer 
(~ 5nm) of Au or Pt is deposited on the sample; for compositional analysis carbon is typically used. 
Alternatively, to analyse non-conducting samples (or non-vacuum compatible samples), a variable 
pressure SEM can be used where the chamber pressure is low enough that most of the electrons reach 
the sample surface but high enough that some gas molecules in the chamber are ionised and used to 
neutralise charging, however this is at the expensive of resolution. 
4.3.1.2 Scanning Transmission Electron Microscopy (STEM) 
Similar to SEM, with scanning transmission electron microscope (STEM) a finely focused beam of 
electrons is raster scanned across the sample to produce a high resolution image (point resolution of 
0.2 nm). The STEM can be operated in many modes; secondary electron (SE) mode and transmission 
modes (bright field, Z-contrast mode), hence for transmission mode a thin (< 100 nm) sample is 
required (178).  
Imaging in SE mode uses secondary and backscattered electrons similar to SEM, however due to the 
higher accelerating voltages used in STEM, higher resolution images (point resolution of 0.4 nm) can 
be obtained. Contrast changes in secondary electron yield depends on many different factors; the 
surface composition, topography, morphology, roughness and tilt. 
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An improved spatial resolution can be obtained in Z-contrast mode or in high angle annular dark field 
mode (HAADF), where elastically scattered electrons which have passed through the sample very close 
to the atomic nuclei are collected by a donut shaped collector (179). Here the signal is proportional to 
Z3/2 where Z is the atomic number and hence proportional to the density and thickness of the 
specimen. 
Microstructural information can be gained from electrons that are collected on axis (the electrons 
have not been scattered, either elastically or inelastically, through an angle of < 10 milliradians) by a 
bright field detector (180).  
High resolution images were obtained using a field-emission gun scanning transmission electron 
microscope (FEG-STEM) Hitachi HD2300A operated at 200 keV. Preparation of the cross section STEM 
samples involved depositing the coating onto Si, followed by the deposition of a thin Au/Pt layer to 
protect the film. The sample was then cleaved and the two pieces of the sample sandwiched together 
(with the barrier film in the middle) using Araldite™. Two other pieces of Si wafer were placed either 
side of the sandwich for support and again bonded with Araldite™. One cross section of the sandwich 
was then wet polished using progressively finer grades of silicon carbide paper (P800, P1200, P2400, 
P4000) and finally polished with 1 µm diamond cloth polisher (between each stage the sample was 
placed in an ultra-sonic bath containing water for 2 minutes). A 2 x 1 mm TEM Cu grid was bonded to 
the polished surface with Araldite™, schematic shown in Figure 4.2. The polishing process was then 
repeated on the opposite side of the sample until a sample thickness of ~ 50 µm was achieved. The 
sample was finally thinned by using a Gatan precision ion polishing system (PIPS) with an incident 
beam of 5 ° until a hole was created. The two guns, one above and one below the sample, were each 
operated at 5 keV. 
Experimental Methodology     
77 
 
 
 
4.3.1.3 X-ray Diffraction 
X-ray diffraction (XRD) provides information on the material crystal structure. For a crystalline material 
the atoms are arranged in a periodic array; or if a material has no long-range order it is said to be 
amorphous. The periodic array in a crystalline material is formed of many unit cells (the smallest 
number of atoms that repeat to form the 3D array) and the dimensions of this unit cell are defined by 
the lattice parameter. X-ray diffraction can be used to measure the distance between the parallel 
planes of atoms, known as the lattice spacing, d, due to coherent elastic scattering from the electrons 
from each individual atom and constructive interference of the scattered waves.  The scattering is 
governed by Bragg’s law (equation ( 4.1 )) and a schematic diagram to illustrate the basis of this 
relationship is given in Figure 4.3  
 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 ( 4.1 ) 
where d is the lattice spacing of the diffracting atomic planes 
θ is the incident angle of the X-ray 
n is the order of reflection 
λ is the wavelength of the X-ray 
Figure 4.2: Schematic of sample prepared for STEM analysis (not drawn to scale) 
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Figure 4.3: Schematic illustration of diffraction from a crystal lattice  
A monochromatic X-ray beam (λ ~ 1 x 10-10 m) is directed onto the sample with an angle θ and the X-
rays will either be transmitted or diffracted. If the diffracted waves are in phase with a path difference 
2dsin θ (constructive interference), a maxima will occur in the diffracted signal (as shown in Figure 
4.4a); if the waves are out of phase (destructive interference) no intensity is measured (as shown in 
Figure 4.4b). By varying θ, the Bragg’s law conditions are satisfied by different d spacings in 
polycrystalline materials. The angular position and intensities of the diffracted X-rays are subsequently 
plotted to produce a diffraction pattern, as shown in Figure 4.5, and the peak positions indexed by 
pattern matching (using computer based indexing software) to a database provided by the Joint 
Committee on Powder Diffraction Standard (JCPDS). This provides the Miller indices (hkl) 
corresponding to the peak, where h, k, and l are the intercepts of the diffracting plane with the x, y, 
and z-axis respectively. 
Figure 4.4: Bragg's Law (a) constructive interference (b) destructive interference 
The unit cell dimensions (lattice parameter) can be determined from the relationship between the 
lattice parameter and the lattice spacing (d), and for a cubic structure is defined by equation ( 4.2 ) 
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 𝑑 =
𝑎0
√ℎ2 + 𝑘2 + 𝑙2
 
 
( 4.2 ) 
where and a is the lattice parameter. This equation differs for different crystal systems (i.e. tetragonal, 
hexagonal rhombohedral, orthorhombic, monoclinic and triclinic). 
 
 
Modern diffractometers use the Bragg-Brentano geometry where the detector and sample are moved 
so that the detector is always at an angle of 2θ and the sample surface is always at an angle of θ to 
the incident beam (schematic Figure 4.6). This technique can also be used to determine the 
crystallinity of the thin film however thin films will exhibit a preferred orientation and their peak 
intensities will differ from those of the library pattern (random orientation) (181). 
During this thesis X-ray diffraction (XRD) was carried out using the standard Bragg-Brentano θ - 2θ 
focusing geometry on a Panalytical X’pert Pro diffractometer using Cu Kα radiation (λ = 1.5406, 40 kV, 
30 mA) and a 2θ range of 15 – 75 °. 
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Figure 4.5: X-ray diffraction pattern displaying a crystalline and amorphous pattern 
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Figure 4.6: Schematic of Bragg-Brentano geometry (182) 
The penetration depth of the X-ray beam within the sample is ~ 10 µm, hence XRD patterns from films 
< 1.5 µm thick will include information from the substrate. To reduce the penetration depth the 
glancing angle (GAXRD) geometry can be employed. Here the incident beam is introduced at a very 
shallow angle (a few degrees) and only the diffraction angle, 2θ, is varied. The penetration depth is a 
function of the incident angle, at 1° the penetration depth is ~ 0.5 µm (183). For glancing angle 
measurements a non-focusing geometry, rather than the divergent X-ray like the Bragg-Brentano 
geometry, is used (184). A curved parabolic multilayer mirror (Göbel mirror) is used to produce a 
narrow parallel beam with a parallel plate collimator before the detector; the intensity of the 
diffracted beam measured by the detector is much lower in this configuration (185).  In this thesis 
Glancing Angle (GA) XRD has been employed on the system described above using an incident beam 
placed at an angle of 1° to the surface.  
4.3.2 Chemical Composition and Bonding 
4.3.2.1 Energy Dispersive X-ray Analysis 
Energy dispersive X-ray analysis (EDX) is used to determine the chemical composition of the thin film 
for elements with an atomic number (Z) > 3. The penetration depth of the analysis is typically 1-5 µm 
and is dependent on the electron beam accelerating voltage and the sample composition. The EDX 
detector is mounted on an SEM; the incident electron beam causes the release of core electrons, 
leaving ‘holes’ in the core electron shell. As the atom is now unstable, an electron from an outer shell 
fills the core hole. Excess energy associated with this transition produces a characteristic X-ray that is 
related to the difference in energy of the electron levels. Thus, X-rays with energy characteristic of the 
electron levels within different atoms are emitted and detected. If the energy spectrum is scanned, 
the X-ray peaks are recorded. Using standards and known sensitivity factors for each of the elemental 
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peaks and correcting for matrix dependent variations in the X-ray intensity, the elemental composition 
of the material can be determined. 
This thesis has obtained EDX data in a number of ways; through point analysis, line scans and 
elemental mapping. Throughout this work, two SEM-EDX systems were employed to investigate the 
chemical composition. Early results were conducted on a Hitachi S3200N operated at 20 keV with a 
working distance (WD) of 20 nm and fitted with an Oxford Instruments energy dispersive 
spectrometer (EDS/EDX) detector. To quantify the spectra the Oxford Analytical Inca 3.0 software was 
employed based on the XPP matrix correction scheme (developed by Pouchou and Pichoir) (186) and 
calibrated using a Co standard. Later results were conducted using the Joel JSM-7100F SEM operated 
at 20 KeV at a WD of 20 nm, fitted with a Thermo Scientific UltraDry EDS detector with the NORANTM 
System 7 X-ray Microanalysis System to quantify the data. The sample preparation is similar to that in 
SEM, the sample is mounted on a stub and for non-conducting samples is coated with a thin layer (5 
nm) of carbon to dissipate charging.  
4.3.2.2 X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a technique for analysing the surface (~ 10 nm) composition 
and chemical state of the material. The sample surface is irradiated with low energy X-rays and an 
electron analyser is used to measure the kinetic energy and intensity of the emitted photoelectrons 
and Auger electrons. The photoelectric effect states that when an X-ray interacts with an atom the 
core electron absorbs the photon energy. If this photon energy, hv, is large then the electron is emitted 
from the atom. This emitted electron is called the photoelectron and its kinetic energy can be 
measured. Using Einstein’s photoelectric law the binding energy (or ionisation energy) can be 
simplified to equation ( 4.3 ) 
 𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 ( 4.3 ) 
The Auger effect is a process in which an electron from a high level fills the vacancy of a core electron. 
Sometimes this energy is released as a photon (giving rise to the X-rays detected in EDX) however 
alternatively this energy can be transferred to an outer electron which is ejected from the atom, 
known as the Auger electron.  
Experimental Methodology     
82 
 
The binding energy associated with the photoelectron peaks is characteristic of the core levels for 
each element, however the binding energy can alter if the atom is bonded to another element, termed 
‘chemical shift’. Hence XPS can be used to determine chemical bonding information. 
From the XPS peaks detected, the elemental composition of a material can be determined using 
known sensitivity factors.  For optimum XPS results the sample should be smooth, flat and (as much 
as possible) free from surface contamination, hence in this thesis samples for XPS analysis were 
wrapped in Al foil immediately after removal from the deposition chamber. 
In this thesis, XPS spectra were recorded using a VG Thermo Scientific Theta Probe employing a 
monochromated Al Kα X-radiation source and a twin anode source, operated at 15 keV and 20 mA. 
For the survey spectrum the hemispherical analyser was set to a pass energy of 200 eV and for the 
high resolution spectra 20 eV and a step of 0.1 eV. A typical survey spectrum is displayed in Figure 4.7. 
In this work the binding energies of the photoelectron peaks were referenced to the adventitious 
hydrocarbon C 1s peak at 285.0 eV. Quantification was performed using the Thermo Scientific 
Avantage software which employs instrument modified Wagner sensitivity factors after a Shirley 
background subtraction to determine atomic concentrations. Surface contamination was sometimes 
removed through ion etching with a 3 keV Ar ion beam. Although XPS is a surface sensitive technique 
the elemental composition as a function of depth can be analysed by removing the surface layer by Ar 
ion etching to generate a depth profile. 
 
 
O 1s 
C 1s 
Si 2s 
Si 2p 
O Auger 
O 2s 
Figure 4.7: XPS Survey Spectrum of a thin Al film on a glass substrate 
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4.3.2.3 Time of Flight Secondary Ion Mass Spectrometry 
Secondary ion mass spectrometry (SIMS) is a highly sensitive destructive surface analysis technique 
used to determine elemental, isotropic and molecular composition of the surface (1 – 2 nm). A primary 
pulsed beam of ions bombards the sample surface ejecting secondary ions and electrons. These 
ejected ions are accelerated into a flight tube and their time of flight (ToF) to reach the detector is 
monitored. As the time-of-flight is proportional to the square root of their mass it can be used to 
generate a mass spectrum, from which molecular information can be determined.  This technique can 
be used for surface imaging, surface spectroscopy and depth profiling. Sample preparation is similar 
to that of XPS, with the sample ideally being smooth, flat and free from contamination. In this work, 
ToF-SIMS analysis was performed using a ToF-SIMS5 ION-Tof GmbH (Munster, Germany) equipped 
with a Cs+ sputter ion gun. The Cs+ source (4.21 x 1017 ions/cm2) had an acceleration voltage of 3 keV 
and a primary ion source of 12 nA rastered over an area of 400 x 400 µm2. For analysis, a 25 keV Ga+ 
ion source (4.32 x 1012 ions/cm2) was employed with a primary ion source of 0.17 pA rastered over an 
area of 100.6 x 100.6 µm2. An example of a typical depth profile spectra in displayed in Figure 4.8. 
Figure 4.8: Example of TOF-SIMS depth profile of a CaS: Eu2þ PLD thin film  
(on a Si (100) substrate) in positive polarity mode (187) 
4.3.3 Thickness and Roughness 
The thickness of all films deposited on glass and Si was determined using a Taylor Hobson Talystep 
profilometer. During the deposition of the film a small section on the substrate was masked. The 
difference in step height was measured using a diamond stylus in contact with the surface. The stylus 
moves horizontally across the step and the vertical movement of the stylus detected by an inductance 
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transducer and the electrical signal amplified. The uncertainty for all film thicknesses is ± 4 % due to 
the system accuracy (as stated in the Taylor Hobson Talystep manual). 
The roughness of the substrates/films were measured either by a Veeco (DI) multimode atomic force 
microscope (AFM) running Nanoscope III software, version 5.12r3, or a NT-MDT (model: SMENA) 
utilising ‘Nova’ 1.26 software. The data was collected with a silicon tip operated in tapping mode. Data 
is presented as 3D maps and been extrapolated to determine the average roughness, Ra, and 
maximum peak-to-valley height.  
4.3.4 Optical Transmission, Optical Emission Spectroscopy and Refractive Index  
Optical transmission (300 – 1100 nm) data of the deposited thin films was collected using an Avaspec-
2048 UV-Vis-NIR fibre optic spectrometer with a deuterium halogen light source at normal incidence 
to the film surface. All data has been taken with reference to the uncoated substrate and hence 
represents the transmission of the coating alone.  
The spectrometer detailed above was reconfigured using a wider diameter fibre optic (800 µm as 
opposed to 200 µm fibre for the deuterium halogen light source in transmission mode) to monitor the 
plasma emission. As excited particles in the plasma relax to lower energy states they release photons 
and, as each species has a unique emission spectrum, the plasma composition can be determined; this 
is known as optical emission spectroscopy (OES) (188).  
For OES, the spectrometer detector was placed inside the vacuum chamber and aimed at the centre 
of the substrate. The integration time for data collection was set to 15 ms with an averaging value of 
250. A collimator approximately 10 cm long and with similar diameter to the head on the spectrometer 
detector (approx. 4 cm) was used to minimise deposition onto the lens. 
Refractive index measurements were performed on thin films deposited on Si using a Rudolph 
Research AutoEL Model II ellipsometer operating at 633nm. 
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4.4 Water Vapour Permeation Analysis 
The potential barrier properties of the thin films have been characterised by measuring the water 
vapour permeation rate. To obtain water vapour transmission rate measurements, films were 
deposited onto planarised polyethylene naphthalate (PEN) substates with dimensions of 10 x 12 cm 
and an active test area of 50 cm2, as shown in the schematic diagram given in Figure 4.9. 
Due to budget constraints, the water vapour permeation analysis was carried out on 4 different 
systems; 2 MOCON, 1 Systech and 1 cavity ring down, further information on these techinques are 
detailed in Section 3.3.  
For the majority of the single layer testing, a MOCON system Permatran W3/310 system was 
employed at the University of Oxford. For the multilayer samples, a MOCON system Permatran (W 
3/31) was employed at RDM (Cambridge, UK suppliers of MOCON). For both systems the 
measurements were taken at atmospheric pressure with a temperature of 37.8 °C and a relative 
humidity (RH) between 75-85 %. The samples were left to ‘condition’ in this environment for at least 
48 hours before the measurement is commenced to allow time for steady state permeation to be 
reached (see Section 3.2 for more details). Operating accuracy is not quoted in the datasheets, 
however Mocon advise a ± 5 % uncertainty for the WVTR. 
The WVTR for TiO2 samples were measured using a Systech 7001 unit and Systech 8001 unit, 
respectively, at General Vacuum Equipment Ltd. The WVTR measurements were recorded at a 
temperature of 37.8 °C and a 90 % relative humidity while OTR measurements have been carried out 
at 23 °C and 50 % relative humidity. 
For the cavity ring down testing at the National Physical Laboratory (NPL) the measurements were 
carried out at 24 °C and 55 % relative humidity (see Section 3.3.7 for details). Again the samples were 
left to ‘condition’ in this environment for at least 48 hours to allow time for steady state permeation 
to be reached. 
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4.5 Summary 
This chapter has introduced the experimental methodology for producing a potential barrier layer thin 
film using remote plasma sputtering.  The morphological, microstructural, diffraction, chemical, 
optical and water vapour permeation techniques used to characterise the resultant thin film ex-situ 
have been described. 
  
 
12 cm 
10cm 
Figure 4.9: Schematic of P.PEN substrate suitable for MOCON testing 
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Chapter 5. Initial Studies of Remote Plasma Sputtered Films 
for Barrier Applications 
 
5.1 Introduction  
The simplest barrier layer is achieved by the addition of a single material coating to the substrate. For 
applications such as PV and OLEDs, the barrier layer must also exhibit good transmission properties, > 
90% in the visible range (400 nm – 700 nm), and potential materials include the optically transparent 
metal/metalloid oxides Al2O3, SiO2, HfO2, for example. From the literature review in Chapter 3, it is 
known that a good barrier layer should be amorphous, dense, exhibit no columnar structure and be 
free from defects. Therefore, the key requirements to produce the best barrier layers are to maximise 
coating density and reduce the size and number of defects (92).  Sputtering is an ideal deposition 
method to meet these requirements as the film structure can be modified by control of the processing 
conditions.  Compared to evaporation, sputtering also has the added benefit of higher and, to an 
extent, adjustable adatom energy of the sputter flux, which aids densification during film growth.  
This chapter presents the initial studies of potential transparent barrier layers deposited by remote 
plasma sputtering.  As remote plasma sputtered thin films have not been reported before for their 
oxygen and water vapour barrier properties, an array of different single layer oxides (TiO2, Cu2O, Al2O3, 
SiO2) were deposited and the film performance compared with values reported in the current 
literature. Bare polymer substrates typically have a WVTR of > 1 g/m2/day and the PEN substrate used 
for the work presented in this chapter has a WVTR of 2.8 g/m2/day, as measured by MOCON at 37.8 
°C and 85 % RH. For comparison, the best WVTRs of sputtered single barrier layers on PEN and PET, as 
detailed in the barrier layer review in Section 3.5, are of the order ~10-2 g/m2/day (22,142,151).  
The majority of the single layer research work presented within this chapter focuses on SiO2 and Al2O3 
as the literature review revealed these are the most widely used materials. The barrier properties of 
CuxOy and TiO2 are also included within this chapter.  These were investigated at the initial stages of 
this study for their additional functionality of exhibiting anti-microbial properties. A moisture barrier 
layer with anti-microbial properties would be of particular interest to the medical industry for touch 
screens in hospitals and doctors’ surgeries. 
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5.2 Experimental Details 
All glass and Si substrates used for this work underwent physical cleaning using an EcoClear®/DI wash 
cycle and were blown dry with clean N2 prior to insertion in the deposition system. Once in the vacuum 
chamber the system was pumped to the required base vacuum level (< 6 x 10-6 mbar). All depositions 
were reactively sputtered from an elemental target; DC bias was used for the conducting targets and 
RF bias and pulsed DC for the semiconducting Si target. For all materials, the process was optimised 
to achieve fully stoichiometric coatings by control of the oxygen flow rate. The inherent coating 
properties can be altered via control of the processing parameters, full details of which are given in 
Section 2.3.5 and Section 4.2. The films were characterised for their composition, microstructure and 
physical properties.  
As mentioned in Section 3.5, the industry standard method to measure barrier properties is MOCON.  
The MOCON test was not available at the University of Surrey or at Plasma Quest and outsourcing the 
MOCON measurements is expensive and have slow turnaround, hence only the most promising films 
studied in this chapter were sent for testing.  
5.3 Remote Plasma Sputtering of TiO2   
5.3.1 Introduction 
TiO2 and TiN barrier layers are currently being used to prevent Cu diffusion in microelectronic 
interconnects. TiO2 (anatase polymorph) exhibits very good photocatalytic properties and has been 
found to kill cancer cells, bacteria and viruses under mild UV illumination (189), which opens up 
potential medical applications. Due to the UV-absorption of TiO2, it also has the ability to protect 
polymers against photodegradation (151). Little research has been carried out using TiO2 as a moisture 
or oxygen barrier. However, Park et al. have recently studied TiO2 deposited by reactive magnetron 
sputtering as a barrier layer and found that their single layer films could achieve a WVTR of 3 x 10-1 
g/m2/day (142). 
5.3.2 Process Optimisation and Deposition of TiO2 
TiO2 films were deposited on glass, silicon and PEN substrates at room temperature using the DC 
remote plasma sputtering system fitted with substrate rotation.  
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TiO2 thin films were grown reactively using a high purity (99.99 %) Ti 4” target. Ar of 99.999 % purity 
was used as the sputter gas and O2 of 99.999 % was used as the reactive gas.  The films were deposited 
onto soda-lime glass for transmission properties, Si for XRD analysis and PEN for WVTR measurements.  
The system was set up for a reactive process as described in Section 4.2.  A base pressure of 2 x 10-6 
mbar was achieved prior to deposition. To setup up a reactive process, a metallic coating is typically 
deposited initially to determine the deposition rate of the pure target material. For the initial 
deposition, a typical process pressure of 3 x 10-3 mbar (Ar = 50 sccm (standard cubic centimetres per 
minute)) was chosen and the RF PLS power and DC target bias were kept constant at 2.5 kW and 800 
V respectively. The deposition rate of pure Ti under these conditions was 45 nm/min, as measured 
using a Taylor-Hobson Talystep. 
Using the conditions described above and with the shutter closed, oxygen was introduced into the 
chamber at the substrate and the flow rate controlled using a mass flow controller (MFC). The oxygen 
was introduced incrementally until the process pressure increased, indicating the flow level at which 
the process cannot consume any additional oxygen that will in turn begin to oxidise the target. 
Poisoning of the target greatly increases the secondary electron emission, thus the apparent target 
current increases. (If constant power control is in use, the target voltage applied by the power supply 
is reduced and hence the deposition rate decreases, which in turn leads to further poisoning). The 
oxygen was reverted back to 0 sccm for a period of time (~ 5 minutes) to allow any oxidised regions 
of the target to be removed. Oxygen was then added at a flow rate marginally (~10 %) lower than the 
target oxidation point and a reactive deposition at this constant flow rate was performed. 
Subsequently the sample was analysed ex-situ for optical transparency and thickness (to determine 
deposition rate). Using an iterative experimental process, the oxygen was varied to obtain maximum 
optical transparency without reduction in deposition rate. TiO2 was optimised at O2 = 18 sccm with an 
increased deposition rate (from that of the pure metal) of 48 nm/min at an RF PLS power of 2.5 kW, 
DC bias of 800 V and a process pressure of 3 x 10-3 mbar (Ar = 50 sccm). 
Control of the intrinsic stress of the film is very important to improve the barrier properties and the 
mechanical reliability (151). The intrinsic stress of the coating can be modified through careful control 
of the deposition conditions (process pressure, plasma density and target bias).  The level of stress 
was evaluated by depositing onto 50 µm thick Kapton® (polyimide) and estimated using a variant of 
the Stoney equation ( 5.1 ), where both the deposited film and Kapton® substrate bends into a 
cylindrical roll (Figure 5.1) and hence Poisson’s ratio is ignored (190).  
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𝜎𝑓 =
𝐸𝑠𝑡𝑠
3
6𝑅𝑡𝑓(𝑡𝑠 +  𝑡𝑓)
 
 
( 5.1 ) 
where 𝐸𝑠 is Young’s Modulus of the substrate (2.5 x 10
9 Pa), 𝑡𝑠 (5 x 10
-3 cm) and 𝑡𝑓 are the thicknesses 
of the Kapton® and deposited film respectively and 𝑅 is the radius of curvature of the Kapton® and 
deposited film.             
Figure 5.1: A thin film can be in compressive or tensile stress, bending a substrate concavely or convexly (191) 
Using the deposition conditions described above, 200 nm of TiO2 was deposited on to Kapton®. As 
shown in Figure 5.2a, this resulted in the coated Kapton® distorting in a convex manner (radius of 
curvature 2.2 cm), indicating compressive stress which was calculated to be ~235 MPa (± 20 MPa).  
Compressive stress occurs due over dense packing of intergrain boundaries and structural defects. 
The densely packed film tends to expand parallel to the substrate surface, causing a distortion in the 
substrate. To minimise the compressive intrinsic stress, the kinetic energy of the sputter flux can be 
reduced. One solution to achieve this is to increase the process pressure. The mean free path of the 
sputtered atoms is inversely proportional to the process pressure. Increasing the process pressure 
increases the number of collisions hence reducing the kinetic energy transfer to the growing film. The 
Ar flow was increased to 95 sccm producing a process pressure of 5.1 x 10-5 mbar and the reactive gas 
tuned appropriately (O2 = 21 sccm). Maintaining the previous deposition parameters but with a higher 
process pressure, 200 nm of TiO2 was deposited onto Kapton®. Figure 5.2b shows that after deposition 
the Kapton® has remained flat, indicating minimal coating stress. 
Film under tensile stress 
No stress 
Film under compressive stress 
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 Figure 5.2: Indication of stress using Kapton® (a) 200 nm of TiO2 with compressive stress (deposited with a process 
pressure of 3 x 10-3 mbar) and (b) 200 nm of TiO2 with minimal stress (process pressure 5.1 x 10-3 mbar) 
5.3.3 Results and Discussion 
Using the conditions described above (process pressure 5.1 x 10-3 mbar (Ar = 95 sccm; O2 = 21 sccm), 
RF PLS power and DC target bias 2.5 kW and 800 V respectively), 200 nm of TiO2 was deposited (with 
a deposition rate of 42 nm/min) on a glass substrate. Figure 5.3 shows the film exhibited a high 
maximum optical transmission (450 – 850 nm) of 99.9% (referenced to glass) which includes the 
characteristic oscillations due to optical interference. The height of the peak to trough gives an 
indication of the refractive index of the material (increasing with increasing refractive index) whilst 
the number of fringes is an indication of the coating thickness.  The decrease in transmission below ~ 
375 nm is due to the optical band gap (192) of the material and moves to lower wavelengths as the 
band gap increases.  
TiO2 can exist as three crystalline polymorphs, anatase, rutile and brookite. Without substrate heating 
or post deposition annealing sputtered TiO2 is typically amorphous or anatase, with a higher 
temperature/energy being required to form the rutile phase. XRD was employed to determine the 
crystallinity of the remote plasma sputtered TiO2 films. The pattern displayed in Figure 5.4 (blue) 
reveals that the film was polycrystalline with a mixture of anatase and rutile phases. It is expected that 
an amorphous material would be more successful as a moisture barrier layer due to the elimination 
of defined grain boundaries. With reference to the Thornton diagram (Section 2.2), reducing the 
surface adatom mobility can promote a more amorphous type growth, therefore the RF PLS power 
was reduced to 1.6 kW to reduce the plasma density (reducing the target current density from 33 
mA/cm2 to 14 mA/cm2) and the process re-tuned.  The resultant XRD pattern, shown in Figure 5.4 
(red) exhibits the well-known amorphous ‘hump’ at 2θ = 20 - 40° with no peaks representative of 
crystalline phases being detected.   
(a)                                             (b) 
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Figure 5.3: Optical transmission of TiO2 on glass substrate with a thickness of 200 nm (± 4%) (referenced to glass)  
 
 
 
 
 
 
 
 
 
Figure 5.4: XRD patterns of the TiO2 thin films deposited with RF PLS set to 2.5 kW (blue) ; 1.6 kW (red). With the 
lattice parameters corresponding to library patterns of anatase (black) JCPDS 01-086-1156 and rutile (grey) JCPDS 
01-083-2242 
To achieve a fully amorphous coating the RF power was maintained at 1.6 kW and 200 nm of TiO2 was 
deposited onto 10 x 12 cm PEN and sent to Manchester Metropolitan University (MMU) for WVTR 
measurements. The WVTR measurements were carried out on a Systech 7001 unit at 37.8 °C and a 90 
% RH. The result is shown in Figure 5.5, showing a WVTR of 2.77 x 10-1 g/m²/day and is similar to the 
value of 3 x 10-1 g/m²/day reported by Park et al. (193). 
The initial study on TiO2 barrier layers has shown that using the remote plasma system, the process 
parameters can be altered to produce amorphous TiO2 thin films at ambient temperature. The intrinsic 
stress of the coating, which is a function of the kinetic energy of the sputter flux, can be primarily 
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controlled via the process pressure. In addition, the nanostructure formed is a function of the plasma 
density (controlled by the RF power), where higher plasma density results in a polycrystalline film and 
lower plasma density leads to an amorphous TiO2 film. The amorphous TiO2 improved the WVTR of 
the polymer substrate by an order of magnitude, from 2.8 g/m2/day to 2.77 x 10-1 g/m²/day and is of 
a similar value to that reported in the literature for reactive magnetron sputtering.   
 
Figure 5.5: WVTR of TiO2 2.77 x 10-1 g/m²/day using a Systech 7001 unit at 37.8 °C and a 90 % RH gradient 
5.3.4 Additional Absorber Layer 
In the traditional encapsulation method for barrier layers, i.e. using glass or metal, a thick (1 mm) 
moisture getter material is typically incorporated into the cell, shown schematically in Figure 5.6. This 
is used to absorb any remaining moisture incorporated in the cell or diffusing through the epoxy resin 
over time, extending the lifetime of the device. Duggal has used this idea and patented the use of 
dispersed getter nanoparticles (Ti) within the polymer substrate (174). Lewis discussed the principle 
of using a getter layer in the form of a thin film (18), however this has yet to be demonstrated and will 
be investigated here. A good gettering material is Ti, and for that purpose it is used in sublimation 
pumps (194). Using the remote plasma system, TiO2/Ti multilayers have been deposited and the effect 
of the incorporation of a thin Ti layer in the structure on the barrier properties has been studied. Three 
different structures (illustrated in Figure 5.7) were characterised and deposited on PEN for barrier 
measurements and WVTR measurements were carried out on a Systech 7001 unit at 37.8 °C and a 90 
% RH. 
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Figure 5.6: Schematic diagram of a traditional OLED encapsulation structure (21) 
The TiO2/Ti thin films were grown using a high purity (99.99 %) Ti 4” target. Ar of 99.999 % purity was 
used as the sputter gas and O2 of 99.999 % purity was used as the reactive gas.  The base pressure was 
2.0 x 10-6 mbar with a process pressure consistently maintained at 5.1 x 10-3 mbar (Ar = 95 sccm and 
O2 = 21 sccm). The RF PLS power and DC target voltage were kept constant at 1.6 kW and 800 V 
respectively. As the target does not become oxidised during the reactive process, switching to a 
metallic process immediately afterwards is straightforward.   
 
Figure 5.7: The three different TiO2/Ti multilayer structures deposited 
 
The GAXRD diffractogram of sample 3 (with 3 Ti layers) shown in Figure 5.8 displays an X-ray 
amorphous structure, similar to the single layer TiO2. Although Ti thin films grown in the remote 
plasma sputtered system are usually polycrystalline, the thin 5 nm thick Ti layers are either too 
disordered to form a polycrystalline structure or the total thickness of Ti in the multilayers (15 nm) is 
insufficient to give a peak in the GAXRD pattern. 
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         Figure 5.8: GAXRD diffractogram of sample 3 (TiO2 with 3 Ti layer) on Si substrate 
The WVTR measurements were carried out on a Systech 7001 unit at 37.8 °C and a 90 % RH gradient 
and the results for all 3 samples are presented in Table 5.1. The WVTR values are all similar and are 
within the uncertainty (± 5 %) of these measurements, hence it is unclear if the Ti layers within the 
multilayer structure are giving an improvement on barrier performance. However, it is clear that 
incorporation of thin Ti layers into a TiO2/Ti based multilayer structure does not give a substantial 
improvement compared to a single TiO2 layer. 
Table 5.1: WVTR of sample 1, 2, and 3 using a Systech 7001 unit at 37.8 °C and a 90 % RH gradient 
Sample WVTR (g/m2/day) 
Sample 1: TiO2  2.7 x 10-1 
Sample 2: TiO2/Ti/TiO2 1.3 x 10-1 
Sample 3: TiO2/Ti/ TiO2/Ti/ TiO2/Ti/ TiO2 3.0 x 10-1 
 
ToF-SIMS was utilised to examine the chemical composition of the barrier film and to potentially 
provide information on the gettering effect of Ti. A depth profile for the single TiO2 layer was obtained, 
Figure 5.9, and after removal of the surface contaminants at the sample surface, the profile shows the 
composition of the single layer to be very consistent. 
Figure 5.10 presents the depth profile data obtained for the TiO2/Ti/TiO2 barrier layer both before and 
after acceleration testing in an environmental chamber 37.8 °C at 85 % for 12 hours to replicate the 
test conditions during Mocon.  For the Ti layer, the O+ and TiO+ fragments decrease by a much lesser 
degree in the post tested barrier film compared to the as-deposited barrier film. This indicates that 
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the Ti layer is acting as a getter layer and absorbing oxygen and water vapour diffusing through the 
barrier film.  
It should be noted that the acquisition of quantitative SIMS measurements can be very difficult when 
profiling through a metal and metal-oxide as the ion yield can be different for a given element 
sputtered from different matrices; this is known as a matrix effect. As shown in Figure 5.10, higher 
values of Ti+ ion intensity are present (in both samples) in the TiO2 layer compared to the Ti layer. This 
is due to the ion yield for the Ti+ fragment being higher when oxygen is present in the sample as 
oxygen, which is electronegative, emphasizes the positive secondary ion intensity during sputtering 
(195). 
 
Figure 5.9: SIMS depth profile of a single layer TiO2 film (sample 1) 
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Figure 5.10: SIMS depth profile for a TiO2/Ti/TiO2 layer (sample 2): (a) before and (b) after exposure in the 
environmental chamber at 37.8 °C and 85 % RH 
5.4 Remote Plasma Sputtering of Copper Oxide 
5.4.1 Introduction 
A previous short feasibility study in conjunction with the Environmental Health Unit (EHU) at the 
University of Southampton identified that the remote plasma sputter system has the potential to 
deposit thin films of copper and copper oxide that exhibit a high anti-microbial capability. The results 
showed a ‘kill rate’ of MRSA5 (Methicillin-resistant Staphylococcus aureus) spores of better than 
                                                          
5 Methicillin-resistant Staphylococcus aureus is a bacterium that is difficult to treat with some antibiotics and hence is 
responsible for several difficult-to-treat infections in humans (196). 
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99.9%. It was commented by Prof Keevil from EHU that copper oxide would be of extreme interest to 
the healthcare community as Cu2O is more robust than copper and is semi-transparent. Copper oxide 
thin films is usually of interest technologically as p-channel material for thin film transistors (TFTs), but 
to date little or no work has been carried out on copper oxide for permeation barrier layers with anti-
microbial properties. 
5.4.2 Deposition of Copper Oxide 
Copper oxide films were deposited on glass and silicon substrates at room temperature using the DC 
remote plasma sputtering system fitted with substrate rotation.  
The copper oxide films were grown reactively using a high purity (99.99 %) copper metal 4” target. 
Argon of 99.999 % purity was used as the sputter gas and oxygen of 99.999 % was used as the reactive 
gas. The base pressure was 6.0 x 10-6 mbar with a process pressure consistently maintained at 3 x 10-
3 mbar (Ar = 50 sccm). The RF PLS power and DC target voltage were varied to produce a coating with 
minimal stress and this was achieved using an RF power of 1.8 kW and DC voltage of 690 V. The 
sputtering process was carried out under different oxygen flow rates to achieve a range of 
stoichiometries. The effects of oxygen flow rate on the physical and chemical properties of the thin 
films was investigated.  
A range of techniques have been employed to characterise the copper oxide thin films: namely UV-vis 
spectroscopy measurements, atomic force microscopy (AFM), energy dispersive X-ray (EDX), X-ray 
photoelectron spectroscopy (XPS) and glancing angle X-ray diffraction (GAXRD). The films were 
deposited onto Si for EDX, AFM, GAXRD and XPS analysis and soda-lime glass for optical transmission.  
5.4.3 Results and Discussion 
The transmission spectra for 200 nm thick copper oxide films with varying oxygen flow rates (9.5, 11 
and 17 sccm) are presented in Figure 5.11; referenced to the substrate soda-lime glass.  The optical 
transmission reaches a maximum in the visible range at 83 % for O2= 9.5 sccm, speculated to be the 
semiconducting Cu2O phase (193,197). As more oxygen is added, the transmission reduces and the 
film appears visually brown in colour. With a continued increase in oxygen, the transmission in the 
visible range reduces further and the film appears black in colour, an indication that the material has 
Initial Studies of Remote Plasma Sputtered Films for Barrier Applications     
99 
 
undergone a phase change to CuO (193,197). Therefore, the optimum oxygen flow required to 
produce a suitably transparent coating under the aforementioned conditions is 9.5 sccm. 
 
Figure 5.11: Optical transmission spectra for 200 nm thick copper oxide films on glass substrate with varying oxygen 
flow rates (referenced to glass substrate) 
Erlat reported that a densely packed structure with small grains and smooth surface improves the 
WVTR (170), hence films suitable for barrier properties should exhibit very smooth surfaces 
(18,198) with no visible defects in the film. AFM was employed to investigate the surface 
morphology and to calculate surface roughness. 3D AFM images of copper oxide at O 2 = 9.5 sccm 
and O2 = 17 sccm are shown in Figure 5.12. 
             
Figure 5.12: 3D Atomic force microscopy images of the surface of (a) copper oxide deposited at 9.5 sccm O2 with a 
roughness (Ra) of 0.81 nm and (b) copper oxide deposited at 17 sccm O2 with a roughness (Ra) of 0.42 nm 
(a)                                                        (b) 
  
200 nm 200 nm 
O2 = 17 sccm 
O2 = 11 sccm 
O2 = 9.5 sccm 
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Table 5.2 displays the surface roughness of the copper oxide films with varying oxygen flow rate. 
As the oxygen flow rate increases the roughness (Ra) decreases, this is in agreement with literature 
and is thought to be due to a more uniform grain size distribution (199).  
Table 5.2: Copper oxide thin film roughness (Ra) with for different oxygen flow rates 
O2 Flow 9 sccm 9.5 sccm 11 sccm 17 sccm 
Roughness (Ra) (± 10 %) 1.31 nm 0.81 nm 0.80 nm 0.42 nm 
 
EDX was employed to determine the elemental composition of the deposited films. A plot of the 
elemental concentrations as a function of O2 flow rate is shown in Figure 5.13. As the flow of O2 
increases the Cu:O ratio decreases in an approximately linear manner. Comparison of the elemental 
concentration of copper to oxygen shows that at O2 = 9.5 the ratio is 66:34 which is indicative of Cu2O, 
at O2 = 17 sccm the Cu:O is 50:50 indicating CuO. The chemical composition deduced from the optical 
transmission spectra has been confirmed by EDX. 
The chemical state of the deposited copper oxide thin films was studied by XPS.  The XPS survey 
spectra for the films with varying oxygen flow rates 9.5, 11 and 17 sccm given in Figure 5.14 show the 
films to be a mixture of copper, oxygen and carbon. The C 1s peak present in all samples is due to the 
exposure of the thin films to air and the formation of an adventitious hydrocarbon surface layer. No 
Ar was detected in any spectra hence any Ar present in the films was below the detection limit of the 
XPS and suggests minimal argon inclusion within the sputtered film. 
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Figure 5.13: Elemental concentrations as a function of O2 flow rate  
from energy dispersive X-ray data 
Figure 5.14: XPS survey spectra for copper oxide films with varying oxygen flow rates, 9.5, 11 and 17 sccm 
From the high resolution XPS spectra of Cu 2p3/2 and O 1s peaks (Figure 5.15 and Figure 5.16 
respectively) the stoichiometry can be determined and the compositions are in agreement with those 
determined from the EDX analysis. The Cu 2p3/2 peak (Figure 5.15) shows the film deposited with O2 = 
17 sccm to have a well-defined shake-up satellite peak to the high binding energy of the copper core 
line, indicative of the CuO phase. This is due to CuO having a partially filled 3d9 shell configuration in 
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the ground state. The shake-up satellite occurs when the outgoing electron simultaneously interacts 
with a valence electron and excites it (shakes it up) to a higher energy level.  The satellite peak is not 
present in the O2 = 9.5 sccm thin film and this would be expected for the Cu2O phase which has a 
completely filled shell (3d10) (200).  In agreement with the literature, the binding energy of the Cu 
2p3/2 peak for Cu2O is 932.4 eV (201), while this peak for CuO is shifted to higher binding energies and 
is much broader compared to Cu2O (202).  
Figure 5.15: High resolution XPS spectra of Cu 2p3/2 peak for copper oxide films  
with varying oxygen flow rates, 9.5, 11 and 17 sccm 
The high resolution XPS spectra of the O 1s  peak (Figure 5.16) shows there is a binding energy shift 
between the main oxygen peak for Cu2O and CuO, these binding energies agree with literature 
values (193,203). However, all of these films exhibit a second peak at a binding energy higher than 
the main peak. This broader, higher binding energy peak is shifted from the main peak by a value 
of + 1.0 - 1.5 eV. This shift typically signifies the presence of a hydroxide layer and possibly also 
the presence of absorbed water (typically shifted +2.0 – 2.5 eV from the O2- peak). It is thought 
that the high density plasma leads to activated surfaces, and the dangling bonds at the surface 
rapidly reacts with moisture in the atmosphere to form a hydroxide/adsorbed water layer. All the 
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samples were left in an N2 environment before venting however this did not eliminate the 
hydroxide layer formation.  
 
 
 
 
 
 
 
 
 
Figure 5.16: High resolution XPS spectra of O 1s peak for copper oxide films 
 with varying oxygen flow rates, 9.5, 11 and 17 sccm 
GAXRD patterns presented in Figure 5.17 show that all the remote plasma sputtered copper oxide 
films are polycrystalline in nature, which is considered undesirable for effective barrier layers, and 
further confirms the chemical compositions obtained from the EDX and XPS results. At an oxygen flow 
rate of 9.5 sccm, the GAXRD pattern exhibits a very strong main peak at 2θ = 36.4° and a minor peak 
at 2θ = 42.6°. These peaks correspond to the reflections from the (111) and (200) planes respectively 
of the cubic-structured Cu2O (JCPDS powder diffraction pattern Pat Ref. 00-005-0677). Interestingly 
with an increase in O2 flow rate to 11 sccm, the film changes structure to the tetragonal-system, Cu4O3 
(JCPDS powder diffraction pattern Pat Ref. 01-083-1665). For the sample deposited with 17 sccm O2, 
the GAXRD pattern exhibits a main peak at 2θ = 36.4° plus a minor peak at 2θ = 38.5°. These peaks 
correspond to the reflections from the (1̅11) and (111) planes of the complex monoclinic structure 
CuO (JCPDS powder diffraction pattern Pat Ref. 00-041-0254). 
529.6 (assigned to CuO) 
530.3 (assigned to Cu2O) 
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Figure 5.17: Glancing angle X-ray diffraction (GAXRD) of the remote plasma sputtered 
 copper oxide layers deposited at various oxygen flow rates 
It must be noted that the small peak at 2θ =51.5° followed by a broad hump evident on all patterns is 
from the Si substrate, as shown in Figure 5.18. 
Figure 5.18: XRD pattern of bare Si wafer 
The desirable phase for a barrier layer would be semi-transparent amorphous Cu2O; however the 
GAXRD data (Figure 5.17) revealed that all copper oxide films deposited using a PLS RF power of 1.8 
kW and DC target voltage of 690 V were polycrystalline. Attempts were made to produce amorphous 
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Cu2O by decreasing the RF power, however lower RF powers eliminated the process window to 
produce single phase Cu2O, resulting in a mixed CuxOy phase with poor optical properties. The desired 
amorphous properties may have been achievable by reconfiguration of the sputter system however 
this was not possible at the time of this investigation due to operational constraints placed on the 
system.  
As it was not possible to deposit amorphous Cu2O with the high optical transmission required for 
PV/OLED barrier layers the material was not put forward as a candidate for MOCON testing. Although 
Cu2O is an interesting material of study for its medical (and electrical) properties, these fall outside 
the scope of this work and the material was therefore not further researched as a barrier layer. 
Although not related to the study of barrier layers, a significant observation during the assessment 
of remote plasma sputtered CuOx is the apparent ability for films of Cu2O and Cu4O3 to be easily 
and reproducibly deposited. This is in contrast to other sputtering methods (e.g. reactive 
magnetron sputtering) where the processing space to achieve pure Cu2O and Cu4O3 is reportedly 
very narrow (197,204,205). 
A possible explanation as to why remote plasma sputtering is able to directly deposit Cu 2O and 
Cu4O3 reproducibly is due to the absence of target poisoning and the ‘race-track’ effect which 
occurs in reactive magnetron sputtering. Referring to the schematic diagram in Figure 5.19, for 
example when attempting to deposit Cu4O3 in magnetron sputtering, Cu is sputtered from the un-
poisoned area of the target and this may interact with oxygen in the chamber to produce Cu2O 
species and/or Cu4O3. At the same time, oxygen rich copper (copper oxide) is also sputtered from 
the target and interacts with the oxygen in the chamber to produce Cu4O3 and/or CuO. Hence, on 
the substrate a mixture of different CuxO species is always arriving on the surface, leading to the 
growth of a mixed phase film. In remote plasma sputtering the majority of the material sputtered 
from the target (un-poisoned) is pure copper, which then interacts with oxygen atoms. Hence the 
chemical species formed on the growing film can be much more well-defined in terms of their 
stoichiometry, enabling the deposition of single phase Cu4O3 thin films.  
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Figure 5.19: A schematic diagram showing the mixed copper oxide species formed when depositing copper oxide thin 
films by reactive magnetron sputtering 
5.5 Remote Plasma Sputtering of Al2O3 
5.5.1 Introduction 
Al2O3 is an attractive material for barrier layers and evaporated Al2O3 is widely used in the packaging 
industry. For magnetron sputtered Al2O3, WVTRs of 1 - 3 x 10-2 g/m2/day (9,18,206) have been 
reported, which is an order of magnitude lower than reported for TiO2 (142). Over the years, PQL have 
undertaken a substantial amount of work on Al2O3 thin films for various applications. Using low RF PLS 
power, the remote plasma system can deposit Al2O3 using a metallic target at a substrate surface 
temperature of < 70 °C in its amorphous phase, making this a potential candidate as a 
moisture/oxygen barrier layer material.   
5.5.2 Deposition of Al2O3 
For this study, Al2O3 films were grown reactively using a high purity (99.999 %) Al metal 4” target using 
the DC remote plasma sputtering system fitted with substrate rotation. Argon of 99.999 % purity was 
used as the sputter gas and oxygen of 99.999 % purity was used as the reactive gas for the deposition 
of Al2O3. The base pressure was 6.0 x 10-6 mbar with a process pressure consistently maintained at 3 x 
10-3 mbar (Ar = 50 sccm).  The RF PLS power and DC target voltage were varied to produce a coating 
with minimal stress, that was achieved using an RF power of 600 W and DC voltage of 600 V.  
Initial Studies of Remote Plasma Sputtered Films for Barrier Applications     
107 
 
5.5.3 Results and Discussion 
The Al2O3 reactive process was set up similar to that of the TiO2 discussed in Section 5.3.1. Using an 
iterative experimental process, O2 was varied to obtain maximum optical transparency (maximum 
peak 100 % as presented in Figure 5.20) without reduction in deposition rate (16 nm/min) for 950 nm 
thick film. XRD analysis was used to determine the crystalline structure of the Al2O3 film. The XRD 
pattern shown in Figure 5.21 exhibits the board ‘hump’ at 2θ = 20 - 40° commonly ascribed to an 
amorphous structure; no peaks representative of crystalline phases were detected.  
Figure 5.20: Optical transmission spectrum for remote plasma sputtered 950 nm Al2O3 film on glass substrate 
(referenced to glass) 
 
Figure 5.21: X-ray diffraction pattern of the remote plasma sputtered Al2O3 on Si 
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Figure 5.22 displays a cross sectional SEM image of a 1 µm Al2O3 layer deposited on a Si substrate (with 
a native oxide layer). The film appears to have a dense featureless structure, with no evidence of 
columnar growth.  
Figure 5.22: Cross sectional SEM image of Al2O3 grown on Si 
The XRD patterns and SEM images reveal that remote plasma sputtering of ambient temperature Al2O3 
results in an amorphous featureless structure with excellent transmission, as shown in Figure 5.20, 
Figure 5.21 and Figure 5.22 and hence is an ideal material for a permeation barrier layer (9,103,206). 
Two Al2O3 films with a thickness of 200 nm were deposited onto 10 x 12 cm PEN and sent to RDM for 
MOCON testing. The measurements were conducted using a test temperature of 37.8 °C and a relative 
humidity (RH) of 78.3 %.  The average WVTR for 200 nm of Al2O3 was 6.4 (± 3.5) x 10-1 g/m2/day, which 
is similar to the rate reported for remote plasma single TiO2 layer in Section 5.3.3.  Although this is 
approximately an order of magnitude improvement compared to the bare PEN substrate, the WVTR 
is higher than would be expected (~ 1 x 10-2 g/m2/day) for a good quality sputtered Al2O3 film.    
The best reported value for sputtered Al2O3 is ~ 1 x 10-2 g/m2/day and many poorer values abound in 
the literature (9,103,142). Primarily, micro-defects are reported to be the cause of lower than 
expected barrier performance and this is mainly attributed to the presence of micro-scale defects such 
as dust particulates and surface asperities on the substrate (from substrate processing and inclusions) 
(18,94). Micro-scale defects can also be caused by handling damage (207) or arcing of the target during 
 
Al2O3 layer 
 
 
SiO2  
 
Si substrate 
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the sputter process. Moghal et al. studied the deposition of Al2O3 using the multiple pass method and 
reported two orders of magnitude improvement in WVTR (1 x 10-3 g/m2/day) for Al2O3 deposited with 
RF sputtering compared to DC sputtering and HiPIMS (118). RF sputtering was not attempted in this 
study, partly as this would reduce the deposition rate, but mainly, because remote plasma sputtering 
does not normally suffer from target poisoning, the charge build up should be minimal, hence 
producing very little arcing. Many papers report low WVTR (1 X 10-2 g/m2/day) from DC magnetron 
sputtered single layers hence this should be achievable for DC remote plasma sputtered films. 
However, RF sputtering has been attempted for SiO2 (due to the semiconducting nature of the target) 
and will be explored in the following section. 
5.6 Remote Plasma Sputtering of SiO2 
5.6.1 Introduction 
Along with Al2O3, SiO2 is another favoured material for barrier layers due to the ease with which 
amorphous SiO2 thin films can be deposited by sputtering (151). As Si is semiconducting, single layer 
SiO2 thin films were deposited on the RF biased remote plasma system fitted with substrate rotation. 
5.6.2 Deposition of SiO2 
SiO2 films were grown using a high purity (99.999 %) intrinsic Si 4” target. Ar of 99.999 % purity was 
used as the sputter gas and O2 of 99.999 % was used as the reactive gas. A base pressure of 6.0 x 10-6 
mbar was achieved prior to deposition. The Ar was set to 42 sccm producing a process pressure of 3 x 
10-3 mbar (a slightly lower Ar flow was required due to the smaller chamber size of the RF system). For 
comparison, in this investigation the RF PLS power and RF target bias power were both set to 1 kW for 
the first sample and 2.5 kW for the second and the O2 flow rate tuned for both power combinations. 
5.6.3 Results and Discussion 
Thick (1.8 µm) SiO2 layers were deposited for analysis at RF PLS and RF target bias powers both set to 
either 1 kW or 2.5 kW. The oxygen flow rate was adjusted to obtain high optical transmission (in the 
visible range) for both depositions; at 1 kW the O2 was set at 6.9 sccm with a deposition rate of 30 
nm/min and at 2.5 kW the O2 was set at 20 sccm with a deposition rate of 67 nm/min. Both films 
Initial Studies of Remote Plasma Sputtered Films for Barrier Applications     
110 
 
deposited on Kapton® demonstrated minimal stress. High optical transmission was obtained for both 
films, presented in Figure 5.23. The measured refractive indices of both samples were the same (within 
experimental error) 1.46 (1 kW) and 1.47 (2.5 kW) and are very close to the bulk value (1.47). The 
effective refractive index is a function of the material’s composition and density, with a linear 
relationship between the refractive index and density (208,209). The presence of un-reacted material 
can also increase the refractive index but as the films contain little free Si (as evidenced from the high 
transmission) this indicates the films have high density. 
Figure 5.23: Transmission data for SiO2 (1.8 µm) on a glass substrate grown with RF launch and target bias powers of 
1 kW and 2.5 kW (referenced to glass) 
The GAXRD patterns for SiO2 deposited with RF PLS and target bias power of 1 kW and 2.5 kW shown 
in Figure 5.24 (blue and red spectrum respectively) are both X-ray amorphous as they exhibit the 
classic amorphous ‘hump’.  Even when using a high RF power of 2.5 kW, the SiO2 film was amorphous; 
unlike the TiO2 and Cu2O films which were polycrystalline at 2.5 kW and 1.8 kW respectively. Although 
SiO2 can exist in crystalline form, both SiO2 and Si3N4 are known to remain amorphous in all typical 
thin film deposition processes (26) and the remote plasma process appears to conform to this result, 
at least at the aforementioned power conditions used. 
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Figure 5.24: GAXRD pattern of SiO2 grown with RF launch and target bias powers of 1 kW and 2.5 kW 
Cross sectional SEM images of SiO2 deposited on Si at bias powers of 1 kW and 2.5 kW are presented 
in Figure 5.25 (a) and (b) respectively. From the SEM images the films both appear to have the same 
dense and featureless structure, with no evidence of columnar growth. Examination of the film surface 
by AFM (Figure 5.26) revealed that both SiO2 films exhibit a low surface roughness with the film 
deposited at 1 kW having roughness values of Ra = 0.6 nm, RMS= 0.7 nm and peak to peak = 20.5 nm 
and the film deposited at 2.5 kW having roughness values of Ra = 0.6 nm, RMS= 0.8 nm and peak to 
peak = 45 nm. 
 
Figure 5.25:  Cross sectional SEM images of SiO2 grown on Si deposited at (a) 1 kW and (b) 2.5 kW 
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    Figure 5.26: Atomic force microscopy images of the surface SiO2 deposited on glass  (a) deposited at 1 kW with a 
roughness (Ra) of 0.6 nm, RMS= 0.7 nm and peak to peak = 20.5 nm (b) deposited at 2.5 kW with a roughness (Ra) of 
0.6 nm, RMS= 0.8 nm and peak to peak = 45 nm 
Figure 5.27: GAXRD pattern of SiO2 grown on PEN before and after the WVTR test  
As reported in Section 5.3.4, an alternative approach to potentially improve barrier layer functionality 
is through the inclusion of a getter material, for example Ca, Ti or Al.  Although Si is not termed a 
getter material, the presence of ‘free’ Si species might be advantageous to barrier films as the ‘free’ 
Si will chemically react with the water vapour diffusing through the film. Hence sub-stoichiometric 
SiO2 films, deposited at both 1 kW (O2 = 5.5 sccm) and 2.5 kW (O2 = 15 sccm), were compared with 
fully oxidised films. No difference in GAXRD was observed, in comparison to the fully oxidised films, 
and both films appeared amorphous. The optical transmission (Figure 5.28) was slightly lower in the 
sub-stoichiometric films and the refractive index was significantly higher at 2.09 (due to free Si) 
compared to the fully oxidised film with a refractive index of 1.47.  
Before WVTR test 
After WVTR test 
        (a)           (b) 
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The WVTR for the sub-stoichiometric samples deposited at 1 kW and 2.5 kW demonstrated an average 
WVTR of 7.6 x10-1 g/m2/day and 4.2 x 10-1 g/m2/day respectively. These results show that varying the 
stoichiometry and processing conditions had little effect upon the barrier performance and despite all 
the characterisation indicating the film properties exhibited those required for optimum barrier 
performance, the WVTR still remained high.   
For all the different materials and processing conditions assessed there was no discernible difference 
between any of the single layer WVTRs. It was therefore suggested that, as reported for below 
performance Al2O3 barrier layers, the cause of the poor performance may be a result of localised 
defects, as opposed to the intrinsic film. This hypothesis will be discussed further in Section 5.7. 
 
Figure 5.28: Transmission data for under oxidised SiO2 on a glass substrate grown with  
RF launch and target bias powers of 1 kW and 2.5 kW (referenced to glass) 
5.7 Remote Plasma Sputtering of SiOxNy 
5.7.1 Introduction 
A review of literature revealed that barrier properties of SiO2 can be improved when combined with 
nitrogen due to an increase in density (135,148,210). The best single layer SiOxNy permeation barrier 
layer has a WVTR of a 4 x 10-3 g/m2/day (210) deposited by catalytic CVD (211). Therefore remote 
plasma sputtered SiOxNy thin films were studied with the aim of obtaining WVTRs for comparison with 
SiO2 single layers. However, during the course of this investigation the postulation of the WVTR being 
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dominated by localised defects arose (due to the receipt of the WVTRs for the fully oxidised/sub-
stoichiometric SiO2 films).  As a consequence of the very stringent financial restraints placed on 
obtaining WVTRs it was deemed inadvisable to send SiOxNy single layers for testing as they would also 
be subjected to the same potential defects and therefore the WVTR would be likely to be of a similar 
magnitude to the other materials. Although WVTRs are not available for SiOxNy single layers, the work 
done is included here for demonstration that they remain a potential avenue of interest. 
5.7.2 Deposition of SiOxNy 
The SiOxNy thin films were grown using a high purity (99.99 %) intrinsic Si 4” target. Ar of 99.999% 
purity was used as the sputter gas and O2 of 99.999 % and N2 of 99.999 % purity were used as the 
reactive gases. At the time of conducting this deposition, the RF system used to deposit the SiO2 layers 
was unavailable, hence the work was moved to a pulsed DC remote plasma sputter system fitted with 
substrate rotation. This system was modified to allow oxygen and nitrogen into the reactive gas line 
(introduced at substrate) with independent control of the gas flows at the mass flow controller. A base 
pressure of 6.0 x 10-6 mbar was achieved prior to deposition. The Ar flow was held at 250 sccm 
producing a process pressure of 2.3 x 10-3 mbar (a high Ar flow is required in this system due to large 
chamber and faster pump speed). The RF PLS power and DC target voltage were varied to produce a 
coating with minimal stress (as described Section 5.3.2) resulting in an RF power of 1.6 kW and pulsed 
DC power of 1 kW and frequency set at 100 kHz with off-time of 500 ns being required (212).   
5.7.3 Results and Discussion 
The SiOxNy films were deposited onto soda-lime glass for transmission data and GAXRD and Si for 
refractive index measurements. The SiO2 and Si3N4 films were optimised by varying the oxygen and 
nitrogen flow rate respectively to obtain the highest transmission. The combined oxygen and nitrogen 
flow was then varied from SiO2, to a matrix of both, through to Si3N4. Table 5.3 presents the flow rates 
(sccm) against refractive index (n) and deposition rate (nm/min) for 300 nm coating. As reported in 
the literature, as the N2 concentration increases, the refractive index moves closer to that of Si3N4 (n= 
2.02) (135,213), indicating an increase in material density. 
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The optical transmission spectra for the samples presented in Table 5.3 are shown in Figure 5.29; all 
spectra are referenced to the glass substrate. Peak transmission for all films (200 nm) was ~ 99 %. The 
fringes are due to the difference in refractive index compared to the substrate; hence the peak-to-
trough is greatest for the Si3N4 film. GAXRD results shown in Figure 5.30 indicate all films are X-ray 
amorphous, making them ideal for barrier layers. 
Figure 5.29: Transmission data for SiO2, SiOxNy and Si3N4 200 nm films on a glass substrate  
(all referenced to the glass substrate) 
Sample O2 flow 
(sccm) 
N2 flow 
(sccm) 
Refractive index 
(n) 
Dep. rate 
(nm/min) 
23121301 19 0 1.47 32 
23121302 12 8 1.59 30 
23121303 9 10 1.63 30 
02011401 6 15 1.84 26 
02011402 0 18 2.03 23 
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O₂=19 N₂=0 (23121301) O₂=12 N₂=8 (23121302) O₂=9 N₂=10 (23121303)
O₂=6 N₂=15 (02011401) O₂=0 N₂=20 (02011402)
Table 5.3: SiO2, SiOxNy and Si3N4 with varying flow rates of O2 and N2 showing refractive 
index and deposition rate 
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Figure 5.30: GAXRD pattern for SiO2, SiOxNy and Si3N4 films on glass 
It has been shown that varying amounts of N2 can be incorporated into a SiO2 film using remote plasma 
sputtering. These films have good optical transmission and GAXRD has revealed amorphous 
microstructures, ideal for a barrier layer. However, due to the expense of outsourcing the WVTR 
measurements and as the SiOxNy depositions were conducted in a similar manner to the TiO2, SiO2, 
Al2O3 and hence subjected to the same potential defects, the SiOxNy films were not sent off for MOCON 
testing.  
5.8 Discussion  
A range of single metal oxide coatings have been deposited using remote plasma sputtering for barrier 
applications. The deposition parameters (RF power and oxygen flow rate) have been varied to control 
growth kinetics and stoichiometry and the grown films characterised using SEM, GAXRD, AFM and 
XPS.  GAXRD and SEM results have confirmed remote plasma sputtered Al2O3, TiO2 and SiO2, SiOxNy 
can all be grown in an amorphous state and with a dense (non-columnar) structure.  Amorphous, 
transparent Cu2O was not achievable using the processing parameters investigated as decreasing the 
RF power resulted in a mixed CuxOy phase with poor optical properties which would be unsuitable for 
a transparent barrier layer.  
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The literature review states that an amorphous, featureless structure should be ideal for barrier 
applications. However the preliminary WVTRs for the films presented in Table 5.3 are much higher 
than expected and all are in of the order of 10-1 g/m2/day.  No discernible difference in the WVTR was 
observed between different materials and different processing conditions, including 
substoichiometric coatings.  Reports of WVTRs of the order of x 10-2 g/m2/day abound for reactive 
magnetron sputtered thin films of 100 - 200 nm thickness. Although these rates are the lowest 
reported, it was anticipated that remote plasma sputtered thin films should be able to achieve at least 
similar rates.   
Table 5.3: WVTR results for single layers deposited by remote plasma sputtering 
Material (200nm) WVTR (g/m2/day) 
Al2O3 6.4 x 10-1 
SiO2 4.4 x10-1 
TiO2 2.8 x 10-1 
 
For TiO2, the best reported rate was 3 x 10-1 g/m2/day (142), a similar value to that achieved for remote 
plasma sputtered TiO2 (2.8 x 10-1 g/m2/day).  Kerbs suggests that TiO2 has a higher WVTR compared 
to Al2O3 (a WVTR of 1 x 10-2 g/m2/day has been reported for Al2O3), due to the nano-crystalline 
structure in the TiO2 (158). An amorphous structure is described as a solid with no long range order; 
however it can possibly possess local short range order undetectable by GAXRD, although its state is 
referred to as ‘X-ray amorphous’. The formation of such a structure has been reported for remote 
plasma sputtered HfO2 films, where the film is stated to be X-ray amorphous but possesses a cubic-
like short-range order which facilitates crystallisation of the film on annealing (214).  Although a short 
range order structure may be present in the films assessed there was no difference in the WVTR of 
the SiO2 deposited at both RF powers (1 kW and 2.5 kW). If sub 2-3 nm crystals were present, and SiO2 
is typically deposited in its amorphous state for all PVD methods (26), it would be expected that their 
presence would be decreased at the lower RF PLS power, but there was no improvement in WVTR. 
Moghal et al. reported an improvement in WVTR when using an RF sputtering rather than DC or 
HiPIMS as this reduced arc induced defects (118). However for the remote plasma sputtered films, no 
difference in WVTR was observed for the RF deposited SiO2 (6.4 x 10-1 g/m2/day) compared to DC 
deposited Al2O3 (4.4 x 10-1 g/m2/day), suggesting that micro arcing from the target was not the primary 
cause of defects. 
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In attempt to reduce the WVTR a known getter material (Ti) was incorporated in the barrier metal 
oxide material in the form of a multilayer structure, grown using the remote plasma system without 
breaking vacuum. It was speculated that the presence of thin Ti layers would absorb O2 and OH- 
molecules as they diffuse through the film. Initial ToF-SIMS profiles through the TiO2/Ti/ TiO2 structure 
indicated that the Ti layer does react with O2 and OH- diffusing through the barrier layer.  However 
the high WVTR results for all 3 sample demonstrates the getter layer could not reduce the permeation 
process. 
Uncertainties and differences (area, temperature, RH, conditioning time) between WVTR test 
conditions and set ups (especially for Ca testing) are numerous (21). However, even accounting for 
those uncertainties, the literature reports WVTRs of ~ 1 x 10-2 g/m2/day for single layer sputtered 
materials using a host of measurement techniques and should therefore be achievable by remote 
plasma sputtering.  For the films tested in this chapter three different test systems were utilised, 
MOCON from the University of Oxford and RDM and Systech from the Manchester Metropolitan 
University, all presenting similar WVTRs (1 x 10-1 g/m2/day) for remote plasma sputtered single layers.  
Therefore the possibility that the poor results are due to uncertainties regarding the testing systems 
can be considered unlikely. 
Previous work has shown that remote plasma sputtering inherently produces dense coatings with 
refractive indices similar to bulk and high dielectrical breakdown (e.g. > 6 MV/cm for Al2O3), which 
requires the film to have similar properties to those for barrier coatings.  For breakdown analysis, 
coatings are deposited on to Si wafers and the probe area for measurements typically ~ 0.8 mm2.  For 
coatings deposited in the absence of a cleanroom a bimodal distribution (low and high breakdown 
values) was typically observed. However the bimodal distribution disappeared, so only high 
breakdown values were obtained, when the depositions were completed under cleanroom 1000 
conditions (215). This affect has been widely observed and reported elsewhere and is primarily 
attributed to a reduction of unwanted particulates on the substrate surface (216,217). With 
consideration of the test area, MOCON testing requires ‘large’ test area samples of 50 cm2, much 
greater than for breakdown measurements ~ 0.8 mm2. If one large pinhole > 10 µm is present in the 
test area of 50 cm2 the entire film will fail as a barrier layer. However, for electrical breakdown testing 
where the probe tip is typically < 1 mm2, and if the defect density and/or defect size is small enough, 
it becomes possible to measure the intrinsic properties of the films which results in the high 
breakdown values obtained.   
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Common to all the coatings examined in this chapter are the environmental conditions under which 
they were deposited and stored, hence all coatings were subjected to the same source of unwanted 
particulates. This further supports the theory that the high WVTR is not from intrinsic material defects 
but an indication that extrinsic defects must be present.  Although the potential existence and cause 
of the defects is unknown, the literature review highlighted that for all PVD deposited thin films, the 
flow of permeant through (extrinsic) defects may be many times higher than the flow due to diffusion 
through the bulk film (94), hence pinholes could potentially be the dominating factor for poor WVTR. 
Access to Ca testing would have been invaluable to determine if permeation was primarily from 
localised permeation (failure due to large pinholes evidenced by spot analysis) or bulk permeation 
(the intrinsic film), however outsourcing the Ca test was outside the financial constraints of this work. 
As the outsourcing of WVTR measurements was expensive, only selective samples could be measured 
hence making it very difficult to determine improvements to the process. A method of determining 
the barrier properties in-house and the additional ability to decouple micro-defects and bulk failure 
became a critical requirement for the progression of this thesis; this therefore became the next focus 
of study and will be discussed in Chapter 6. 
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Chapter 6. Development of an In-House Moisture Permeation 
Test 
 
6.1 Introduction  
The WVTR results presented for the oxide thin films deposited by remote plasma sputtering in Chapter 
5 were all in the region of 10-1 g/m2/day.  These values are an order of magnitude higher compared to 
the best achieved with other sputtering systems (22,142,151). Defective structures that allows the 
permeation of water vapour through the film arises from both intrinsic and extrinsic defects. Intrinsic 
defects arise from the micro-structural evolution of the film, these include voids (columnar growth), 
grain boundaries and interstitial defects (91). Extrinsic defects (usually referred to as pinholes) arise 
from geometric shadowing from surface asperities (spikes and scratches), anti-block particles on 
substrate, airborne particulates on the substrate and particulates resulting from micro-arcing of the 
sputter target during deposition, for example (92). Although the high WVTRs observed in the remote 
plasma sputtered films may have been a result of a failure of the bulk material, it was considered 
unlikely to be the major contributing factor as the films were shown to be amorphous, dense and 
exhibited no columnar structure, i.e. nominally ideal barriers. It was therefore speculated that the 
poor rates were a result of localised micro-scale defects and that trials to show localised permeation 
pathways would be needed. The established MOCON WVTR measurement was unsuitable, being a 
large area average, whilst the Ca Test technique, whilst suitable in principle, was not available at either 
the University of Surrey or Plasma Quest and outsourcing the work would result in too slow a 
turnaround for the required experimental programme. Therefore, in order to expedite progress in 
improving the WVTR properties of the deposited barrier films, a fast turnaround in-house permeation 
test that could decouple localised from bulk permeation was developed and is the subject of this 
chapter.    
Section 6.2 will expand on the issues with the standard WVTR tests relative to this work. Section 6.3 
then reports the development of an in-house permeation tester based on a method by De Groot (115). 
Sections 6.4 and 6.5 will explore the limitations and considerations needed when using the in-house 
method to test barrier properties.  
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6.2 Limitations of Current Test Methods 
The MOCON test is the industry standard for WVTR measurements, however it cannot distinguish 
between localised permeation (failure due to large pinholes) and bulk permeation (due to the intrinsic 
film properties). MOCON testing requires ‘large’ test area samples of 50 cm2 and if one large pinhole 
> 1 µm is present in the test area of 50 cm2 the film will fail as a barrier layer. Considered as a substrate 
cleaning issue, this is a highly challenging requirement, needing cleanroom processing and, ideally, 
specialist substrate handling and load/unload facilities on the coater; none of these were available at 
PQL.  
In addition, as the MOCON testing had to be outsourced the turnaround time for results (~ 6 weeks) 
and the cost factor (£150) per sample were unsuited to the EngD work constraints. 
The Ca Test was considered as a viable option; however, establishing the Ca test in-house would have 
required significant investment and substantial infrastructure, as a dedicated calcium evaporator is 
required, together with all operations being conducted within a N2 environment. The samples would 
also need to be transported to the remote plasma sputter chamber used for the barrier coating 
without exposure to atmosphere, essentially requiring the calcium evaporator and remote plasma 
coater to be linked with a N2 glovebox transfer arrangement. A dedicate infrastructure build on this 
scale was beyond the scope of this work. 
An alternative method considered involved adhering a barrier coated polymer substrate to a calcium 
pad separately deposited on glass, though this would also need to be done within a sealed N2 
environment. As edge sealing is itself difficult and complex even without the complications added by 
doing this work within a sealed N2 environment, this option was also rejected. The development of an 
in-house qualitative permeation test therefore became a necessity for the continuation of this work 
as it would allow fast determination of any poor barrier samples and indicate the more promising 
samples which could be selected for more sophisticated MOCON testing.   
6.3. Previous Research by DeGroot 
DeGroot (115) has developed a high throughput methodology for the evaluation of the moisture 
barrier performance of thin films which is similar to the Ca test but measures the optical density of Al 
instead of Ca. Like Ca, Al is also susceptible to moisture degradation; however, unlike Ca, a thin surface 
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oxide layer forms on the Al that protects the film from further degradation under normal ambient 
conditions. DeGroot’s test involves depositing a thin Al pad onto glass and then, within the same 
vacuum environment, encapsulating the coated substrate using the barrier layer of interest. A 
schematic diagram is shown in Figure 6.1. The initial optical density of the film is measured and the 
sample is then exposed to an accelerated moisture environment in a pressurised vessel held at 115 °C 
with a relative humidity (RH) of 100 %. Any defects present in the barrier film will allow the moisture 
to react with the Al film underneath forming Al2O3. The optical density is then re-measured and the 
result is indicative of whether the Al has been oxidised to Al2O3. The barrier layer is deemed a failure 
when the optical density of the Al underneath has decreased by more than 10 % of the initial value 
(same percentage used for the Ca test) (115). Although results from this technique are difficult to 
quantify (in terms of the exact WVTR), a qualitative test would be of significant value to enable the 
mechanism (bulk or micro-size defect permeation) and speed of failure to be identified.  
DeGroot’s quick and cost effective methodology to evaluate the moisture barrier performance of thin 
films has been replicated in-house using a re-conditioned environmental chamber (pictured in Figure 
6.2) with filtered deionised water used exclusively to minimise the formation of mineral deposits on 
the samples. 
For accelerated testing, a 10 °C increase in temperature results in a 2x acceleration factor referred to 
as the 10° rule.  The 10° rule is based on an Arrhenius expression, equation ( 6.1 ), where the 
temperature dependence of ideal gaseous transport through both oxides and polymers results in an 
exponential  relationship (133) 
 𝑃 =  𝑃0𝑒
−(
∆𝐸
𝑅𝑇
) ( 6.1 ) 
Where P is the permeation coefficient, P0 a constant system dependant permeation coefficient, E is 
the apparent energy of activation for permeation, R is the gas constant and T is the absolute 
temperature (133).   
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Figure 6.1: A schematic diagram of a glass substrate with 50 nm Al layer onto which a 200 nm  
barrier film of SiO2 has been deposited (a) before testing, (b) after testing 
For the accelerated testing, DeGroot used 115 °C at 100 % RH, as opposed to 38 °C at 85 % RH typically 
used for the calcium test, as Al does not oxidise as quickly as Ca. For this work the environmental 
chamber was set to 80 °C with a RH of 85 % (Figure 6.2); the maximum set point available on the 
system. These test conditions were then used as a screening process to decide which samples to test 
with established methods. 
Figure 6.2: The PQL Sanyo Gallenkamp environmental chamber, held at a temperature of 80 °C with a RH of 85 % 
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The degradation of the Al was observed both visually and by the use of a UV-Vis-NIR fibre optic 
spectrometer in transmission mode (Section 4.3.4). This has a small sampling area of 2 mm2 (218) 
compared to MOCON of 50 cm2 and therefore, depending upon the size of the defects, defect free 
areas can be examined. 
6.4 Deposition of Al pads 
6.4.1 Al Pads Deposited by Evaporation 
The deposition of Al pads was initially attempted by evaporating Al (150 nm) onto a glass slide 
substrate. The sample was hung in the environmental chamber and after an exposure time of 10 
minutes the Al coating appeared to delaminate from the glass substrate (Figure 6.3). Due to the low 
energy of evaporated flux, evaporated films typically have poorer adhesion compared to sputtered 
films.  As the evaporation system had no further mechanism available to increase the energy of the 
evaporated species, evaporated Al was considered to be an unsuitable coating source for the test 
pads.  
 
Figure 6.3: (a) photograph and (b) optical microscopy image of evaporated Al pad  
after exposure of 10 minutes to 80 °C with a RH of 85 % 
6.4.2 Al Pads Deposited by Remote Plasma Sputtering 
The remote plasma system was then employed to deposit the Al pad (thickness of 40 nm) using a high 
purity (99.999 %) Al metal 4” target. Argon of 99.999 % purity was used as the sputter gas with a 
process pressure consistently maintained at 3.1 x 10-3 mbar. For initial depositions the RF plasma 
(a)           (b) 
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source power and DC target voltage were kept constant at 1 kW and 500 V respectively. The optical 
transmission of the film (referenced to the glass substrate) was measured pre-exposure, shown in 
Figure 6.4 (blue). The sample was suspended in the environmental chamber for 2 minutes at 80 °C 
with a RH of 85 %. This resulted in a large increase in the optical transmission as displayed in Figure 
6.4 (red). Due to the appearance of an optical band-gap it is thought that the film had oxidised to form 
AlxOy, as opposed to the film delaminating, and this was confirmed by positive surface profilometry 
measurements.   
Figure 6.4: Optical transmission of Al deposited by remote plasma sputtering pre (blue) and post (red) exposure of 2 
minutes to 80 °C with a RH of 85 %. All data referenced to glass substrate 
A visual inspection of the remote plasma sputtered Al film revealed the Al had not uniformly corroded. 
Some regions of the Al had completely converted to Al2O3, whilst other regions were semi-transparent 
or opaque, this is apparent in Figure 6.5 (a). In accordance with established theory, it was speculated 
that in the embryonic stages of the Al thin film growth, ‘islands’ of non-mobile Al are formed, providing 
a preferred stable location for further coating. On the assumption that reducing the energy of the 
arriving species would give rise to a different growth mode (more smaller ‘islands’),  the RF plasma 
power which controls the ion density and impacts surface mobility of the Al arriving at the substrate 
was reduced. Therefore two subsequent Al films were grown at 0.3 and 0.5 kW and exposed for 2 
minutes in the environmental chamber. As shown in Figure 6.5 the Al film deposited with an RF power 
of 1 kW (a) has the largest islands and the island size decreases progressively as the RF power is 
reduced to 0.5 kW (b) and  0.3 kW (c). This suggests a change in growth mode from zone T to zone 1; 
zone 1 has low surface mobility thereby creating a high nucleation density in the early stages of growth 
(Section 2.2.3). However island growth is still apparent in the films grown using 0.3 kW, as shown from 
the optical microscopy images in Figure 6.6.  
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It was decided that large island growth of the Al layer would reduce the resolution of the test and be 
detrimental in determining pinhole failure on the top barrier layer. Deposition of Al at 0.3 kW reduces 
the size of the islands sufficiently to enable pinhole failure to be determined hence subsequent Al 
coatings were all deposited using an RF plasma power of 0.3 kW.  
 
Figure 6.5: Photographs of corroded Al films grown using different RF plasma powers  
(a) 1 kW (b) 0.5 kW and (c) 0.3 kW 
 
Figure 6.6: Optical microscope images of corroded Al films grown using 0.3 kW RF plasma power 
6.4.3 Base Pressure Dependence 
It is well documented that a low vacuum base pressure is desirable when depositing high quality Al as 
the partial pressure of background species (O2, N2 etc.) will react with the Al (219). Figure 6.7 shows 
that the Al deposited at a low base pressure, 5 x 10-7 mbar, appears brighter and more metallic than 
that deposited with a higher base pressure, 1 x 10-5 mbar. Both samples shown were tested in the 
environmental chamber at 80 °C and 85 % RH. The Al pad deposited with the lower base pressure 
   (a)          (b)                      (c) 
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corrodes much more readily, indicating that this Al pad will be more sensitive in the WTVR testing. For 
the film deposited at the higher base pressure a higher partial pressure of background oxygen is 
present in the chamber, hence the film deposited is a matrix of Al and AlxOy. Hereafter, the Al pads 
used for testing were deposited with a base pressure of < 1 x 10-6 mbar. 
Figure 6.7: A photograph of a 40 nm thick Al film deposited onto a soda-lime glass slide 
 with a base pressure of: (a) 5 x 10-7 mbar and (b) 1 x 10-5 mbar 
6.4.4 Storage of the Al pads 
As overnight pumping leads to the lowest base pressure, for a typical set of experiments a batch of Al 
pads (~ 6 samples) would be deposited and stored in the laminar flow cabinet under normal 
atmospheric conditions until required. It was realised that some sets of experiments appeared to have 
spurious results and it appeared that the order in which the films were deposited was of great 
significance. Over time the surface of the Al pads had increasingly oxidised, creating an increasingly 
thicker surface oxide and thereby reducing the sensitivity of the test. To remedy this, once the Al pads 
had been deposited they were stored in a vacuum < 5 x 10-2 mbar. In order to check that storage of 
the Al pads in a vacuum sufficiently prevents oxidation, one Al pad was stored in vacuum and another 
at atmosphere for 5 days; both were then tested in the environmental chamber for 2 minutes. The 
results shown in Figure 6.8 clearly demonstrates that after 2 minutes exposure in the environmental 
chamber the Al pad (40 nm) stored in a vacuum has primarily converted to Al2O3 indicating it has not 
produced a ‘thick’ (~10 nm) oxide protective layer. 
(a)                 (b) 
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Figure 6.8: Al pads tested in the environmental chamber for 2 minutes after  
being stored for 5 days in (a) in vacuum and (b) in atmosphere 
To confirm that the in-house permeation technique would be valuable in detecting the failure of a 
barrier layer, a less than optimum barrier layer (10 nm of AlxOy) was deposited directly onto the Al 
layer without breaking vacuum. The optical transmission of the as deposited Al/Al2O3 was acquired 
immediately after deposition (defined as at 0 minutes). The sample was subsequently suspended in 
the environmental chamber, held at 80 °C with a RH of 85 %, and the optical transmission recorded 
every 30 minutes. The transmission spectra presented in Figure 6.9 shows there was no change in 
transmission after 30 minutes exposure compared to the 0 minutes transmission. After 60 minutes 
exposure, the transmission increased as the 10 nm Al2O3 ‘protective’ layer began to fail (~ 28 % 
transmission), thereby allowing permeation of H2O and O2 and the subsequent corrosion of the Al pad.  
With continued exposure the transmission increased further as corrosion of the pad increased.  It was 
noted that the degradation of the Al started at the edges rather than a uniform degradation across 
the sample surface and that the water vapour thereafter ingresses into the bulk of the films very 
quickly, leaving some uncertainty as to whether the degradation is an observation of surface or edge 
failure. In an attempt to resolve the edge ingress problem, Kapton® tape was used to protect the edges 
and the exposure experiment repeated. This decreased the corrosion rate of the Al layer; after 120 
minutes exposure the transmission had only increased to ~ 70 % (Figure 6.10) compared to ~ 90 % for 
the sample without Kapton®.  
(a) 
 
(b) 
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Figure 6.9: Optical transmission of a 40 nm thick Al pad and 10 nm Al2O3 layer deposited onto glass by remote plasma 
sputtering with varying exposure time in the environmental chamber held at 80 °C and RH 85 % (referenced to glass) 
 
Figure 6.10: Optical transmission of 40 nm Al and 10 nm Al2O3 with Kapton® tape to prevent edge ingress, deposited 
by remote plasma sputtering with varying exposure time in the environmental chamber held at 80 °C and RH 85 % 
(referenced to glass) 
6.5 Developing the In-House Permeation Test 
6.5.1 Reproducibility  
To confirm the in-house permeation test method as a useful qualitative method, a 40 nm Al (using an 
RF PLS power of 0.3 kW) pad was deposited onto a glass substrate, followed by a 150 nm thick layer 
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of Al2O3. The sample was then exposed to the environmental chamber held at 85 % relative humidity 
and 80 °C for 60 minutes, the result is shown in Figure 6.11. It appears that the Al film under the barrier 
layer (Al2O3) has corroded in small ‘spotted’ areas. This suggests that this barrier film is failing due to 
localised defects and not the intrinsic film; however at this time the origin of the localised defects was 
unclear. This result also shows that the failure due to localised defects for the in-house permeation 
test using Al (Figure 6.11) appears very similar to the failure from localised defects in the Ca test, 
shown in Figure 6.12 (109). However, due to the size of the islands in the Al layer, it is unclear if the 
white spots represent the size of the actual defect in the barrier layer or represents the size of the Al 
island underneath the defect. Also once a ‘spot’ starts to oxidise newly arriving moisture will be less 
likely to react at that point causing lateral diffusion, hence the ‘spot’ size will increase with time.  
Figure 6.11: A photograph of 40 nm Al pad (using an RF PLS power of 0.3 kW) followed by 150 nm thick layer of Al2O3 
deposited onto a glass substrate after exposed to an environmental chamber held at 85% and 80 ⁰C for 60 minutes  
To test the reproducibility of the technique, the same films (40 nm Al and 150 nm Al2O3) were 
deposited onto 3 glass substrates and exposed to an environmental chamber held at 85 % relative 
humidity and 80 °C for different time periods; 60, 120 and 210 minutes. As shown by the photographs 
in Figure 6.13, the sample exposed for 30 minutes exhibited only a few transparent ‘spots’; after 120 
and 210 minutes exposure, the density of transparent ‘spots’ increases. For both samples (Figure 6.11 
and Figure 6.13a), a similar density of defects is observed demonstrating that the in-house permeation 
test is reproducible, and with further exposure, an increase in defect density is observed.  
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Figure 6.12: Photograph of calcium layer covered with a 100 nm thick layer of SiNx.  
White spots correspond to a large transmission through the calcium layer (109) 
Figure 6.13: A photograph of 40 nm Al pad (using an RF PLS power of 0.3 kW) followed by 150 nm thick layer of Al2O3 
deposited onto a glass substrate after exposure to an environmental chamber held at 85% and 80 ⁰C for 60, 120 and 
210 minutes  
6.5.2 Qualitative Method 
To determine the sensitivity of the in-house technique, a 40 nm thick layer of Al was coated with Al2O3 
films of 3 different thicknesses: 20 nm (potentially poor barrier layer), 150 nm and 300 nm (potentially 
good barrier layers). The 3 samples were exposed to an environmental chamber held at 85 % relative 
humidity and 80 °C for 60 minutes. As shown by the photographs in Figure 6.14, the Al under the 20 
nm Al2O3 coating has corroded practically over the entire sample. The Al under the 150 nm Al2O3 layer 
has a small number of corroded ‘spots’ whereas the Al under the 300 nm Al2O3 coating exhibited no 
corrosion visible to the eye. 
60 mins   120 mins          210 mins 
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Figure 6.14: A photograph of 40 nm Al pad (using an RF PLS power of 0.3 kW) followed by a 20 nm, 150 nm and 300 
nm thick layer of Al2O3 deposited onto a glass substrate, exposed to 60 minutes in the environmental chamber  
Both the 150 nm and the 300 nm Al2O3 layers were then exposed to the environmental chamber for a 
further 120 minutes (210 minutes in total). The results shown in Figure 6.15 reveal the 150 nm Al2O3 
coating to be failing as more pinholes are now present in the Al coating, but the Al covered by the 300 
nm Al2O3 layer is still free from visible defects. This sample was placed under the microscope in 
transmission mode, as shown in Figure 6.16, and shows micro-sized pinhole defects. This 
demonstrates that the in-house permeation tester has the potential to be an effective research tool, 
enabling an estimation of both the degradation rate and mechanism.  
The degradation rate of the films appears to decrease with increasing thickness, this result also 
highlights that a thick Al2O3 (300 nm) deposited by remote plasma sputtering has the potential to be 
a good barrier layer. This would be expected from Fick’s law which states that the permeation rate for 
a completely defect free film is inversely proportional to film thickness. In the literature, magnetron 
sputtered films typically have a critical thickness, tc, < 200 nm as an increased thickness leads to 
intrinsic stress which induces micro-cracking; thereby creating easier permeation paths for moisture. 
In remote sputtering, the energy of the flux can be controlled independently from the flux arrival rate 
via the process pressure and RF plasma power, hence > 200 nm coatings can be produced with low 
intrinsic stress. A subsequent review of results has revealed that the tc could potentially be greater for 
remote plasma sputtered films. Also if particulates on the substrate are the primary source of defects 
the thicker 300 nm film could potentially be burying more particulates compared to the < 200 nm 
films. Until now this work has only tested films with thicknesses < 200 nm to enable easy comparison 
20 nm       150 nm           300 nm 
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with results in the literature. Investigating the barrier performance of remote plasma sputtered films 
with thicknesses > 200 nm including mechanical flexibility remains an avenue of interest.  
 
Figure 6.15: A photograph of 40 nm Al (with RF of 0.3 kW) followed by a 150 nm and 300 nm of Al2O3 deposited onto 
a glass substrate, exposed to 210 minutes in the environmental chamber  
 
Figure 6.16: An image from the optical microscope at 10x magnification showing the small spots of Al degradation 
under the 300 nm Al2O3 film not clearly visible by the naked eye 
6.5.3 Shutter Issues   
During the course of developing the in-house permeation tester it was discovered, by XPS, that during 
the cleaning and stabilisation stages prior to deposition of the barrier layer (i.e. the target clean (3 
minutes) and reactive gas stabilisation period (5 minutes)), a thin protective oxide layer was being 
grown on the Al pad behind the shutter due to introduction of the oxygen required for the reactive 
150 nm              300 nm    
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process. It was found by XPS that this protective oxide layer was thicker than the thin oxide layer 
produced due to contamination from the atmosphere.   To minimise the formation of the oxide layer, 
the shutter to substrate separation was reduced and both the target clean and gas stabilisation times 
were reduced to 1 minute; this is possible within the remote plasma sputter system, as the target is 
not oxidised during the sputter process and so the required target conditioning (‘burn time’) is near 
zero.   
6.5.4 Kapton® Tape Issues 
Subsequent to the shutter issues some unpredicted results (very thin Al2O3 films displaying better 
barrier performance than expected, in contradiction of Fick’s law) led to the belief that another factor 
was producing artificial results. It was then discovered by XPS that during the deposition of the Al 
(without plasma pre-treatment) the surface contained 2 at.%. Si. A plausible explanation for this is the 
introduction of contamination from the Kapton® tape used to adhere the substrates to the substrate 
table during deposition. The adhesive on the Kapton® tape is Si based, probably slightly volatile, and 
it is likely that during deposition the plasma is interacting with the adhesive to produce a PECVD type 
process, resulting in a small amount of SiO2 being deposited on the surface of the substrate. To confirm 
this, the sample was fixed to the substrate table with and without Kapton® tape and exposed to a 
diffuse plasma for 2 minutes. The sample held with Kapton® exhibited a large amount of Si (24.1 at.%) 
at the surface, and 0.5 at.% for the sample held without Kapton®. To eliminate this issue, holders were 
designed and manufactured to hold the glass slides for the deposition of Al pads and subsequent 
barrier layers as shown in Figure 6.17, producing an Al pad as shown in Figure 6.18. 
  
Figure 6.17: Rendered image of the substrate holder for glass slides to eliminate Si  
contamination from the Kapton® tape adhesive (84) 
Development of an In-House Moisture Permeation Test     
135 
 
 
Figure 6.18: Mask for Al pad deposition with the resulting sample. Kapton® tape is 
 placed around the sample to reduce any further edge ingress 
 
6.6 Comparison with MOCON 
The results presented in this chapter have demonstrated a proof of concept of the in-house 
permeation tester.  Ideally the in-house test would be standardised with MOCON, however at present 
there are issues with standardising even the conventional Ca test with MOCON, as discussed in 
Chapter 3 (21).  In an attempt to establish an initial ‘order of magnitude’ quantification of the in-house 
permeation test, two identical samples were deposited and tested using the in-house tester and 
MOCON testing and the results compared. 
Due to limited deposition system availability at PQL at this time, SiO2 was used as the barrier layer for 
this comparison. SiO2 with a thickness of 200 nm was deposited on an Al pad and tested in the 
environmental chamber; the optical transmission was tested periodically until the sample failed. The 
same SiO2 sample was deposited onto PEN and sent for MOCON testing at RDM. Although there 
cannot be a direct comparison between the two techniques as the growth mechanism and interfacial 
bonding will differ for the two different substrates (glass with Al pad, and PEN), a quantitative 
assessment of the WVTR that would be expected on PEN compared to the degradation observed of 
the barrier layer on the glass substrate can be made. It must also be noted that the PEN, by necessity, 
is affixed to the substrate holder with Kapton® tape as there was no easy/cost effective method to 
develop a jig to retain the PEN in a suitable state for coating. While not ideal, the effect of Si 
contamination from the tape adhesive is minimised as the PEN does not undergo a plasma pre-
treatment and so the contamination from the Si is ~ 2 % (as opposed to 24 % Si with a diffuse plasma 
pre-treatment). Also the PEN substrate is much larger than the sample area for MOCON (50 cm2) 
hence the Kapton® tape is kept > 1 cm away from the sampling area hence the contamination on the 
sample area is minimal.  
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The optical transmission of the sample in the environmental chamber was periodically acquired 
totalling 8 hours of testing with no change in the optical transmission (Figure 6.19).  Although there 
was no optical transmission difference after 8 hours of testing, very small pinholes could be seen by 
eye (Figure 6.20). This suggests the barrier layer is most likely failing due to localised defects and not 
from the intrinsic film itself. The film was deposited onto PEN and achieved a WVTR of 3.6 x 10-1 
g/m2/day (measured by MOCON). This WVTR is similar to all the WVTR results for the remote plasma 
sputtered single layers presented in Chapter 5. The experiment strongly suggests that the failure 
mechanism is primarily due to localised defects and not the intrinsic film. This result, although not 
unexpected, makes a direct comparison of the in-house test with MOCON very difficult. However this 
in-house permeation test is very useful research tool as it can decouple localised defects and bulk 
permeation. For this quantification work to progress further, the use of comparable sampling areas is 
an essential precursor. As this was not currently possible, the in-house permeation test was employed 
as a qualitative screening method, allowing fast determination of poor barrier samples and processes, 
and increasing the efficiency of the barrier testing process in deciding which samples to take further 
for MOCON testing. 
 
Figure 6.19: Optical transmission of SiO2 (200 nm) deposited on Al (50 nm) on glass, held in the environmental 
chamber (RH 85 % at 80 °C) and tested periodically (referenced to glass) 
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Figure 6.20: (a) A photograph and (b) optical microscope image (x10) of 40 nm Al (with RF of 0.3 kW)  
followed by a 200 nm by SiO2 exposed to 80 ° C and 85 % RH for 8 hours.  
Measured using MOCON, this sample exhibited a WVTR of 3.6 x 10-1 g/m2/day 
 
6.7 Summary 
This Chapter has reported the development of an in-house permeation test based on work by 
DeGroot. The test comprises of the deposition of Al pads on to glass slides with the barrier layer 
deposited on top.  The test sample is then placed in an environmental chamber at 80 °C and 85 % RH 
and the optical transmission and condition of the sample monitored periodically. To minimise edge 
ingress during the testing the edges of the glass slide are sealed with Kapton® tape. For the remainder 
of the work presented in this thesis this technique has been employed as a screening process, thereby 
allowing fast determination of very poor barrier samples and increasing the efficiency of the barrier 
testing process in deciding which samples to take further for MOCON testing. An added benefit of this 
technique is that, unlike MOCON, it can distinguish between localised permeation (originating from 
dust particles, geometric shadowing from surface asperities, stress during film growth causing micro 
cracking, anti-block particles on substrate and bulk permeation (the intrinsic film).  
When depositing the Al pads a low base pressure, < 2 x 10-6 mbar, is essential to reduce the 
incorporation of oxygen in the film.  It is also important to store the Al pads in a vacuum to reduce 
growth of the native oxide layer. Both factors negatively affect the sensitivity of the Al pads. Two 
(a) 
 
 
(b) 
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significant operational findings from this work are that the shutter is not totally effective in preventing 
interaction of the preparatory plasma processes with the substrate (and would be ideally redesigned 
for this work) and the use of Kapton® tape to adhere samples to the substrate table is a source of Si 
contamination, which itself may form an SiOx thin film that contributes to the barrier effect. To 
eliminate the sputtered species from depositing on the substrate when the shutter is closed the 
shutter to substrate separation was reduced and the target clean and stabilisation time reduced to 1 
minute respectively. The Si contamination was eliminated by mechanically clamping the substrates to 
the table using a stainless steel holder. However the use of Kapton® tape with the PEN substrates was 
a necessity, although the effect was minimised as the substrates were not subjected to a diffuse 
plasma prior to barrier layer deposition.  
The results from the development of the in-house permeation tester suggest that the remote plasma 
sputtered single layer films are failing due to localised defects and not the intrinsic film and this was 
evidenced by ‘spot’ failure. The flow of permeant through these pinhole defects is expected to be 
many times higher than the flow due to diffusion through the bulk film (94), indicating that the 
MOCON results obtained are consistent with a much better barrier material than the results suggest. 
In order to improve the barrier performance the permeation through localised defects must therefore 
be strongly reduced or eliminated. This will be explored in more detail in the following chapter. 
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Chapter 7. Exploration of Methodologies to Enhance Barrier 
Layer Performance  
 
7.1 Introduction 
The following Chapter describes the work performed to either reduce particulates or mitigate their 
impact in the deposition of barrier layer thin films. As described in the previous chapters, the initial 
barrier layer studies on a range of different single layer metal oxides deposited on a range of 
substrates by remote plasma sputtering showed that although the single layers were amorphous, 
dense and did not exhibit columnar growth, theoretically meeting the requirements for good barriers,  
their WVTRs were all greater than 1 x 10-1 g/m2/day, an order of magnitude higher than typically 
reported for best sputtered single barrier layers (22,151,193). The development of the in-house 
permeation test enabled the source of failure to be identified as most likely due to micro-defects 
resulting from inadequate substrate cleanliness and inherent substrate asperities (e.g. spikes and 
scratches from manufacturing and handling procedures). Section 7.2 will discuss both improvements 
in sample preparation and methods used to minimise substrate asperities. Section 7.3 covers work 
aimed at reducing the MOCON test area requirement, as a means of further mitigating the impact of 
remaining defects. 
Thereafter this chapter will explore different methodologies used to potentially further enhance 
barrier properties through disrupting the growth of extended defects in the growing film. Section 7.4 
firstly describes techniques where the film growth is interrupted at regular intervals during the 
deposition, the aim being to ‘reset’ the surface and interrupt defect propagation.  
 A review of the literature revealed that an additional polymer layer is typically used to improve barrier 
performance. Section 7.5 reports the results of the first polymer layer deposited by remote plasma 
sputtering and the effect of incorporating this polymer layer into a multilayer structure for barrier 
applications. 
A qualitative assessment of the effect of the aforementioned methodologies on the barrier properties 
was performed using the in-house permeation test and these results are also presented.   
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7.2 Reducing Particulates and Substrate Asperities 
7.2.1 Introduction 
A review of the literature revealed that cleanliness and substrate quality has a great impact on 
achieving a low WVTR (116,220-222). Improved practises for sample preparation were therefore 
developed to minimise contamination from airborne particulates and will be explored in Section 7.2.2. 
Methods and trials to reduce substrate asperities (e.g. spikes and starches from manufacturing and 
handling procedures) will be discussed in Section 7.2.3. The influence of both parameters on the WVTR 
will be presented in Section 7.2.4. 
7.2.2 Improving Cleaning Procedures 
Barrier layers are typically grown in clean room conditions and undergo stringent substrate cleaning 
before deposition of the barrier layer. As an example of the processes needed, a leading UK barrier 
layer research centre, Printable Electronics Technology Centre (PETEC), which is a business unit of the 
Centre for Process Innovation (CPI) in Sedgefield, was consulted for advice. 
PETEC undertake their cleaning procedures in a class 100 clean room (100 particles > 0.5 µm per ft3). 
Prior to rigorous glass cleaning by a fully automatic dedicated machine (Nano-master Glass Cleaner 
LSC4000), PETEC use the following pre-cleaning process: 
1. Wipe with IPA soaked tissue 
2. Wash in fresh IPA,  rinse with de-ionised water and blow dry with clean N2 gas 
3. Place the glass substrate on a hot plate (at ~ 100 °C), place the lens tissue on top, spray 
acetone on the tissue and leave for 2 seconds. As the acetone begins to evaporate, 
slide the lens tissue across the glass substrate and lift (this is a standard procedure in 
the optics industry) 
4. Continue to full automated glass clean process 
For cleaning polymeric substrates PETEC utilise the Teknek Nanocleen roll-to-roll cleaning process, 
pictured in Figure 7.1. Here a tacky roller comes into contact with the polymer substrate, the debris 
sticks to the roller and is removed. A second high tack roller is used to remove the debris from the first 
tack roller.  The tack rollers are silicone-free hence they will leave no residue on the substrate and also 
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provide a means for static dissipation. This technique can be used to remove nano-particles as small 
as 25 nm, but below this size van der Waals forces dominate (223).  
Access to either a class 100 clean room and/or an automatic cleaning system were unavailable during 
the duration of this study.  However, PQL does possess a lithography suite which is separate from the 
main laboratory and fed with class 1000 air. Although the room is not intended to operate at class 
1000 standard, the facilities were made available for use by the project and authority given to 
implement more stringent user standards. Full clean room attire was worn in this room with a clean 
room sticky mat at the entrance and all paper and tissues replaced with a class 100 logbook and wipes. 
All glass substrates were prepared using the pre-cleaning process, outlined above, within a Class 1000 
air fed laminar flow cabinet, to further optimise the clean area potential. 
Figure 7.1: Teknek roll-to-roll system for cleaning polymeric substrates 
Firstly the deposition chamber was cleaned with a vacuum to remove loose debris. The sample was 
prepared, cleaned and fixed onto the coating system substrate table holder within a laminar flow 
cabinet, then carried promptly across the photolithography suite room and loaded into the deposition 
chamber and evacuated. To further minimise contamination as the substrate was transported across 
the room, a new substrate carrier was designed and built, as shown in Figure 7.2. With this option, the 
substrate was prepared on the substrate table in a laminar flow cabinet and a protective cover, held 
in place with a bayonet fitting, covered the sample while it was transported from the cabinet and into 
the deposition chamber. After the chamber was cleaned with the vacuum, the bayonet fitting allowed 
the protective cover to be easily removed once the chamber was ready to be evacuated.  
Exploration of Methodologies to Enhance Barrier Layer Performance     
142 
 
 
Figure 7.2: Engineering drawings and 3D representations of the substrate carrier used to transport the sample from 
the laminar flow cabinet to the chamber – (a) (b) lid and (c) substrate table 
 (Design aided by PQL’s lead engineer, Stuart Rand) 
To determine if the above methodologies were successful in improving cleanliness and minimising 
airborne particulates, a 40 nm layer of Al covered by a 200 nm layer of SiO2 (using the deposition 
parameters described in Section 5.5 for the RF biased remote plasma sputter system) was deposited 
onto soda-lime glass using three different cleaning procedures: 
Sample 1: Minimal cleaning (wiped with Eco clear, blown dry/dusted with clean N2 gas) 
Sample 2: Full cleaning procedure (in laminar flow cabinet with full cleanroom suite) 
Sample 3:  Full cleaning procedure as Sample 2, additionally with a substrate carrier  
The three samples were placed in the environmental chamber for 3 hrs at 85 % RH and 80 °C; the 
results are shown, back illuminated on a light box, in Figure 7.3. The sample with minimal cleaning and 
without the substrate carrier exhibits numerous lines and spots of corroded Al. The sample loaded 
without the carrier has one distinct area (similar to that of a finger print) of corroded Al. The sample 
loaded with a full cleaning procedure and with the substrate carrier to protect it during transit and 
system loading appears defect free to the naked eye. This sample was exposed to a further 4 hours in 
the environmental chamber during which small pinholes were observed. Although this indicates that 
these cleaning procedures do not eliminate all the debris giving rise to pinholes, it does minimise 
(a) (b) 
(c) 
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them, hence the full cleaning procedure with substrate carrier method was used for the remainder of 
the work presented. 
 
Figure 7.3: Photographs of a 200 nm layer of SiO2 deposited onto Al using 3 different cleaning methods. The barrier 
films were exposed in an environmental chamber for 3 hrs at 85 % RH and 80 °C 
7.2.3 PEN Substrates 
7.2.3.1 Investigation of the substrate (PEN) morphology 
In addition to any surface contamination, the substrate quality can also have a significant influence on 
the Water Vapour Transmission Rate (WVTR) (94,116,222). Charton reported two orders of magnitude 
improvement in WVTR from sputtering Al2O3 onto special grade planarised PET (P.PET) as opposed to 
standard grade (91). The single layers presented in Chapter 5 were deposited on DuPont’s standard 
PEN. The surface of this PEN substrate possessed many asperities resulting from the 
manufacturing/transportation process, as revealed by atomic force microscopy (AFM) (Figure 7.4). 
The average roughness was determined to be to 9 nm with the presence of large asperities, up to 
approximately 130 nm in height. Light microscopy images given in Figure 7.5 also show that the PEN 
contained many scratches and defects which appear to be artefacts of the actual PEN and not debris 
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on the surface. Techniques to modify the polymer surface to reduce the surface asperities using the 
remote plasma source were therefore investigated. 
Figure 7.4:  3D AFM image of DuPont’s standard PEN 
 
Figure 7.5: Light microscope images of DuPont’s PEN 
7.2.3.2 Modifying the surface of PEN 
Surface asperities on the PEN are likely to be detrimental to the barrier performance. Although the 
remote plasma sputtering technique can provide reasonable conformal coverage, it was considered 
unlikely that the most serious surface asperities from the substrate could be adequately covered by a 
100 nm – 200 nm thick film, hence possibly being the cause of the observed very poor barrier 
performance. It is known from the literature that plasma pre-treatments can be used to modify the 
surface morphology and chemistry of polymeric substrates. For example, plasma pre-treatments can 
be used to remove loosely bonded contamination, modify topography (roughen/smoothen), induce 
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physical stabilisation (e.g. cross linking polyethylene) and add polar functional groups to the surface 
to improve surface tension for bonding (224,225). 
An Ar plasma treatment of the PEN surface was therefore investigated in an attempt to reduce the 
height of the surface asperities and remove loosely bonded contamination from the surface. A RF PLS 
power of 0.5 kW for a duration of 2 minutes was used, as these parameters are similar to those used 
by PQL to remove volatile species from the surface of glass substrates. With only the PLS 
electromagnet switched on (the steering electromagnet remained off) the plasma was initiated 
resulting in a diffuse plasma, allowing relatively low energy argon ions (< 10 eV) to impinge the 
substrate. This plasma treatment led to a rougher surface, with an increase of Ra from 9 nm to 32 nm 
(Figure 7.6).  A variety of further plasma treatments (different gases, powers, duration) were also 
investigated, but these all proved detrimental in smoothing the polymer surface. This is in agreement 
with plasma treatment of PET studies by Leterrier (226). PEN and PET polymer substrates consist of 
soft amorphous and hard crystalline regions plus embedded additive particulates for additional 
functionality. Plasma treatment results in preferential erosion of amorphous regions and causes the 
additive particulates to protrude above the eroded surface, increasing surface roughness (151).        
Figure 7.6: 3D AFM image of DuPont’s PEN after exposure to a 0.5 kW Ar (30 sccm) 
diffuse plasma for 2 minutes; resulting in an increased Ra of 32 nm 
7.3.3.3 Planarised PEN 
During this work, it was found that DuPont manufacture a planarised PEN (P.PEN) HCQ6Z1 substrate. 
The P.PEN HCQ6Z1 consists of one planarised side (a 4 µm thick hybrid organic-inorganic layer on the 
surface formed by a wet process, followed by a UV cure) and the other side plasma pre-treated, 
producing high surface roughness for improved adhesion. DuPont use a plasma treatment to roughen 
and not planarise the polymer, in agreement with the results from the remote plasma treatments 
presented in Section 7.3.3.2. The surface topography of the planarised and non-planarised surface is 
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shown in Figure 7.7 (side A: planarised and side B: pre-treated). The planarised side exhibits a very low 
average roughness of 0.5 nm and the plasma treated side a higher average roughness of 21.1 nm. 
Figure 7.7: AFM images of the 2 different sides of the planarised PEN HCQ6Z1 provided by DuPont -  
side A: planarised and side B: pre-treated to improve adhesion 
7.2.4 WVTR Results from Improving Cleaning Procedures and Planarised PEN Substrates 
To determine the impact on barrier properties using the improved cleanliness procedures and 
planarised PEN substrate (P.PEN), a 200 nm layer of SiO2 (using the deposition parameters described 
in Section 5.5) was deposited on to 10 x 12 cm non-planarised and planarised PEN (P.PEN) substrates 
and the barrier properties measured using cavity ring down spectroscopy developed by NPL (Section 
3.4.7) at 24 °C and 55 % RH. The WVTRs for the non-planarised and planarised PEN were measured to 
be 1.1 x 10-1 g/m2/day and 1.70 x 10-2 g/m2/day respectively (Figure 7.8), thus an order of magnitude 
improvement is afforded by merely replacing non-planarised with planarised PEN. The differing trends 
between the amount of water vapour measured as a function of time in the cavity ring down 
spectroscopy plots (Figure 7.8) arises as the results show the H2O concentration from the start of the 
experiment where the dry chamber is at atmospheric conditions. The H2O transient amount fraction 
initially decreases as the dry chamber is purged with dry (< 1 ppb water) nitrogen. At the same time 
water vapour permeates through the barrier material from the wet chamber and contributes to an 
increase in response, hence there are 2 competing processes. In the case of the sample deposited on 
standard PEN, the permeation of water through the barrier is much larger compared to the sample 
deposited on planarised PEN. Hence the amount fraction in the dry chamber does not fall below the 
dry N2 equilibrium. In the case of the sample on planarised PEN, the amount fraction falls below the 
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permeation equilibrium as the purging process is faster than the permeation. It then rises as the water 
vapour starts to permeate through the sample.  
 
Figure 7.8: Cavity ring down spectroscopic results for 200 nm layers of SiO2 on (a) non-planarised and (b) planarised 
PEN using exposure conditions of 24 °C and 55 % RH. The WVTRs were calculated from these results 
It must be considered that the WVTRs were measured using the cavity ring down method which has  
less stringent test conditions of 24 °C and 55 % RH, compared to 34 °C and 85 % for the MOCON test, 
thus it would be expected that the WVTR would be lower.  For accelerated testing, a 10 °C increase in 
temperature results in a 2x acceleration factor, referred to as the 10 ° rule (133).  There is a 10 °C 
increase in the test temperature from cavity ring down to MOCON testing which would therefore 
200 nm of SiO2 on PEN 
After 48 hours 
WVTR: 1.10 x 10-1 g/m2/day 
RH: 55 % 
Temp: 24.4 C 
200 nm of SiO2 on planarised PEN 
After 48 hours 
WVTR: 1.70 x 10-2 g/m2/day 
RH: 55 % 
Temp: 24.1 C 
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(b) 
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result in 2x acceleration in WVTR.  In addition to the temperature difference the relative humidity is 
also increased by 30 % which would further accelerate the rate. There is a 4 fold improvement 
between the WVTR from the non-planarised PEN presented above (1.1 x 10-1 g/m2/day) for cavity ring 
down and the SiO2 result on non-planarised PEN in Chapter 5 (4.4 x 10-1 g/m2/day) obtained from 
MOCON testing. The former result was also acquired after undergoing stringent cleaning and 
subsequent deposition in the lithography suite which also improves the WVTR.  However both values 
are of the same order of magnitude and the apparent improvement in absolute value from cavity ring 
down testing is attributed to both the less stringent test conditions and improvement in cleanliness. 
Therefore the order of magnitude improvement between planarised and non-planarised substrates 
would also be expected from MOCON testing, although the absolute value would again be higher.            
This is the best WVTR performance for a single barrier film deposited by remote plasma sputtering in 
non-standardised cleanroom conditions. By depositing the same intrinsic film but substituting a 
planarised polymer substrate and improving cleanliness, an order of magnitude improvement in WVTR 
was observed. This result clearly demonstrates that the poor WVTR results presented previously are 
not due to the intrinsic film but that the micro-defects from particulates and substrate asperities 
dominate. For subsequent WVTR measurements, DuPont’s HCQ6Z1 planarised PEN was used.  
7.3 Reducing the MOCON Test Area 
It would be desirable to decouple the intrinsic material WVTR from the extrinsic WVTR (failures due 
to micro-defects), however to date this is not possible using the industry standard MOCON test. Only 
if the defect density and/or defect size is small enough, is it possible to measure the intrinsic properties 
of the films, as standard MOCON testing requires ‘large’ test area samples of 50 cm2. Reducing the 
MOCON test area would reduce the probability of the test sample containing particulate defects and 
therefore potentially enable the intrinsic barrier properties of the film to be assessed, though at the 
expense of measurement sensitivity. After discussion with the test house (RDM), it was found that the 
capture area of the MOCON tester (50 cm2) could in principle be reduced using an Al mask; these were 
available with 1 cm2 or 5 cm2 apertures, and the 1 cm2 mask was used for this study, as illustrated in 
Figure 7.9. The masks are made from Al foil and have an adhesive on one side which is fixed to the 
barrier sample. Two masks are required for one measurement and are fixed each side of the sample.  
To determine if a reduction in the area tested would afford an improvement in the WVTR, a 200 nm 
layer of SiO2 (again using the deposition parameters of Section 5.5) was deposited onto planarised PEN 
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and sent to RDM for MOCON testing using the reduced area of 1 cm2 and the traditional test area of 
50 cm2 (without a mask) for comparison. The WVTRs are shown in Table 7.1. The average WVTR for 
the standard test area of 50 cm2 (without mask) was lower (9.2 x 10-2 g/m2/day) compared to that of 
the reduced area, 1 cm2 (2.25 g/m2/day). The raw data for the 1 cm2 sample was noisy, hypothesised 
to be due to the mask adhesive, and therefore RDM advised that results using the 1 cm2 masks were 
unreliable; hence for MOCON a relatively large (50 cm2) test area is still required, necessitating full 
elimination of defects to permit the intrinsic material WVTR to be determined.  
Figure 7.9: SiO2 barrier layer on P.PEN pressed between 2 Al masks with a capture area of 1 cm2 for MOCON testing 
Table 7.1: MOCON WVTR results from a standard test area of 50 cm2  
and a reduced test area of 1 cm2 (using an Al mask) 
Sample Identification Water Vapour Transmission Rate g/m2/day 
Replicate #1 Replicate #2 
SiO2 - 50 cm2 area 0.09 0.09 
SiO2 - 1 cm2 area 1.73 2.78 
 
A significant result arising from this test was the MOCON measured WVTR of 9.2 x 10-2 g/m2/day for 
the 200 nm layer of SiO2 deposited using improved cleanliness procedures on a planarised substrate. 
This result is of the same order of magnitude as for the cavity ring down spectroscopy and can be 
directly compared with the MOCON WVTR result of 4.2 x 10-1 g/m2/day for the 200 nm layer of SiO2 
presented in Chapter 5. This strengthens the argument that the diffusion through the intrinsic film 
could possibly be very low and that the high WVTR results are from permeation through micro-defects 
caused by particulates and asperities on the substrate surface. 
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7.4 Modification of the barrier film structure through plasma processing 
7.4.1 Introduction 
The results presented so far indicate that extrinsic defects (particulates, geometric shadowing from 
surface asperities etc.) are dominating the WVTR. Although the characterisation results presented in 
Chapter 5 suggested that the intrinsic material properties were those required for good barrier 
performance, thin films typically contain intrinsic defects (nano-cracks and interstitial defects), that 
cannot be observed with these characterisation techniques (91,117). Modification of the film growth 
to eliminate these potential intrinsic defects may improve the WVTR.  
Due to changes in the resources made available for the EngD work by PQL (the lithography suite was 
unable to be retained for EngD work use), the ability to clean the samples to the previous standard 
was compromised, though the coatings were still deposited onto planarised PEN.  As an order of 
magnitude improvement in depositing on to P.PEN as opposed to PEN in a clean room style 
environment had been clearly demonstrated at this time, the impact of the constraint was considered 
manageable. Therefore the results presented in this section will enable further decoupling of the 
influence of the substrate material from the environment. In addition, any improvement in the 
intrinsic properties can be determined by comparison with the results presented in Chapter 5.   
Two methodologies to improve barrier properties by disrupting the growth of extended defects in the 
growing film have been investigated. Firstly, continuous short pauses in deposition were used to 
intermittently ‘relax’ the growing film in an effort to mimic an ALD type process. Secondly, the film 
growth was interrupted at regular intervals during the deposition and the surface of the film exposed 
to the plasma for short periods. 
Due to the unavailability of the remote plasma system using RF target bias previously used in the 
photolithography suite, an equivalent remote plasma system using pulsed DC target bias situated in 
the general laboratory was employed instead. Although PQL had determined that the pulsed DC 
system produced equivalent SiO2 layers to that of the RF system, it was considered necessary to 
deposit new control sample prior to experimenting with the growth disruption techniques. 
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7.4.2 Single Layer of SiO2 with Pulsed DC (Control Sample) 
Using the pulsed DC system, SiO2 thin films were deposited from an undoped Si (99.999%) target in an 
Ar and O2 environment (250 sccm and 19 sccm respectively) with a process pressure of 2x10-3 mbar. 
The RF launch power was 2.5 kW and an average target power of 1 kW with a frequency of 100 kHz 
and a duty cycle (positive pulsed time) of 500 ns was used. 
The optical transmission of SiO2 with a thickness of 200 nm, referenced to the glass substrate, is 
displayed in Figure 7.10 yielding a peak transmission of 99.5% in the visible range. The refractive index 
of the same SiO2 film deposited onto Si was 1.47, the same as bulk, indicating a dense coating. GAXRD 
analysis of this sample confirmed it to be an amorphous film. 
Figure 7.10: Optical transmission of a 200 nm SiO2 layer grown on a  
pulsed DC deposition system referenced to the glass substrate 
Using pulsed DC, two samples of SiO2 with a thickness of 200 nm were deposited onto 10 x 12 cm 
P.PEN and sent to RDM for MOCON testing. The average WVTR for the control sample was found to 
be 3.58 x 10-1 g/m2/day.  This is similar to that of SiO2 (4.4 x10-1 g/m2/day) deposited on non-planarised 
PEN in the RF system deposited outside the ‘cleanroom’ presented in Chapter 5. Thus, there appears 
to be no significant improvement in the WVTR from using planarised PEN in isolation from the full 
cleaning process within the Class 1000 air fed cleanroom facility. 
Exploration of Methodologies to Enhance Barrier Layer Performance     
152 
 
7.4.3 Pulsed Deposition 
To date the best transparent single thin film barrier layer reported has been grown by ALD (121), but 
due to low yield, this process has not achieved full potential in commercial production. With ALD, the 
precursor gas (a volatilised metal-organic compound), the reactant (H2O, NH3, O3 etc.) and the purge 
gas (typically Ar) are individually and repeatedly sequentially introduced to the surface, producing a 
layer-by-layer growth process. Thus, an attempt was made to imitate the early growth stages of the 
ALD process by depositing a thin layer of SiO2 using pulsed DC, inducing a small pause and then 
depositing another thin layer of SiO2.  
To determine the barrier properties of the early stages of SiO2 growth, 3 different samples (outlined 
below) were deposited using the same conditions as the control sample and subsequently placed in 
the environmental chamber for 40 minutes 85 % RH at 80 °C.  
1. 5 nm of SiO2 on Al pad  
2. 10 nm of SiO2 on Al pad  
3. 5 nm of SiO2_ paused for 10 seconds_5 nm of SiO2 on Al Pad 
The results for barrier layers after exposure in the in-house environmental chamber are given in Figure 
7.11. The test results show that for the 5 nm and 10 nm SiO2 films, deposited without a pause, the 
thickness does not have a great effect as both films suffered almost complete failure. However, 
introducing a pause mid-point through the 10 nm film substantially improved the barrier performance 
with minimal degradation of the Al pad observed. 
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It is hypothesised that, whilst for the 5 nm and 10 nm continuously deposited film the SiO2 is evolving 
from small ‘island’ nucleation sites in accordance with standard theory, creating a pause mid-point 
through the deposition disrupts the growth kinetics, with consequent potential impact on the density 
and distribution of these nucleation sites. As widely reported in the literature and indicated in Figure 
3.5 this is a standard technique for breaking the propagation of defects within an earlier film. During 
the pause, the elimination of the arriving sputtered material whilst maintaining the exposure to the 
plasma allows more time for the mobile surface atoms to move to and bond at their preferred site. A 
change in nucleation favouring layer by layer growth would be expected if the substrate surface 
energy were greater than that of the coating, as appears to be the case from the result obtained. 
 
Figure 7.11: Comparison of  5nm, 10 nm and 5nm_pause_5nm of SiO2 layers 
 on the Al pad after 40 minutes of testing in the environmental chamber 
Creating a short pause after every 5 nm for a > 200 nm thick film in an automated system would be 
trivial. However, these films were being deposited in a manual system. Hence to deposit a 200 nm film 
with pause, a partial shutter (schematic in Figure 7.12) was utilised to limit deposition during half a 
substrate rotation (~ 0.5 second pause), disrupting the growth of extended defects by allowing the 
growing film to relax.  
 
Thickness does not have much of 
an effect at this scale. 
 
 
 
 
 
 
 
 
Pausing the deposition appears to 
improve barrier performance 
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Figure 7.12: A schematic diagram of the SiO2 thin film grown with a partial shutter  
The optical transmission of a 200 nm film deposited with the partial shutter is similar to that of a 
continuous single layer of SiO2 (Figure 7.13). The refractive index also shows little difference (within 
the uncertainties of the measurements), 1.47 for the single SiO2 and 1.48 for the sample grown with 
the partial shutter. The GAXRD results revealed the crystallographic structure for the sample growth 
using a partial shutter was also amorphous. 
Using the partial shutter, two samples of SiO2 with a thickness of 200 nm were deposited onto 10 x 12 
cm2 P.PEN and sent to RDM for MOCON testing.  The two values of WVTR were 1.83 x 10-1 g/m2/day 
and 2.94 x 10-1 g/m2/day resulting in an average WVTR for SiO2 growth with an aperture of 2.39 x 10-1 
g/m2/day. Very little improvement was observed compared to that of the control sample of SiO2 
deposited with pulsed DC (3.58 x 10-1 g/m2/day).  The substantial improvement in barrier properties 
observed from the in-house permeation test result of the 5 nm_10 second pause_5 nm coating may 
only be applicable to the initial stages of growth and not extend to the bulk.  Alternatively, the shorter 
time available for relaxation may not be sufficient for the change in growth to occur. However to 
increase the relaxation time using this method, the substrate rotation speed would need to be 
decreased (this was not possible without engineering modifications), resulting in detrimental 
repercussions on the coating uniformity arising from the typical cosine distribution of the sputter flux 
and subsequent effect on the coating properties.   
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Figure 7.13: Optical transmission of 200 nm of SiO2 layer deposited by pulsed DC  
with and without partial shutter, on a glass substrate (referenced to the glass substrate) 
 
Figure 7.14: GAXRD pattern of the SiO2 layer without (blue) and with (red) a partial shutter.  
Both layers exhibit an amorphous structure 
7.4.4 Plasma Interactions  
The remote plasma sputtering system has an advantage that the target bias can be switched off (the 
plasma is still sustained but no sputtering will occur) with the shutter open allowing relatively low 
energy argon ions (< 10 eV) to continue to impinge the substrate. Consequently, a ‘multilayer’ type 
structure can be developed where each of the metal oxide layers are separated by a region that has 
been exposed to the plasma, but no growth has occurred. The plasma can be utilised to alter the 
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surface energy of the adatoms at the growing surface and therefore potentially be used to disrupt any 
propagating defects that may be occurring, e.g. by promoting infill of nano-cracks and infill voids. It is 
speculated that the plasma treatment will interrupt the growth process, allowing the surface to 
stabilise and thereby promoting re-nucleation when deposition is restarted, potentially terminating 
propagating defects, leading to improved barrier properties. 
To achieve the multilayer type structure, a thin layer (30 nm) of SiO2 was grown and the deposition 
then paused by switching off both the target bias and oxygen flow.  With the plasma sustained and 
the shutter remaining open, the steering DC electromagnet was switched off resulting in a diffuse 
plasma, allowing relatively low energy argon ions (< 10 eV) to impinge the substrate. This process was 
repeated 5 times, however for each event the substrate was exposed to the plasma for increased time 
periods; firstly for 1 minute, then 2 minutes etc. and finally 5 minutes. Consequently, this developed 
a ‘multilayer’ type structure where each metal oxide layer is separated by a region that has been 
exposed to the plasma, schematic shown in Figure 7.15. 
 
 
A slight decrease in optical transmission was observed (in Figure 7.16) for the sample with plasma 
interaction. The decrease in transmission in both spectra below ~ 380 nm is due to the optical band 
gap (192) of the material and moves to lower wavelengths as the band gap increase. Also an increase 
in refractive index from 1.47 to 1.52 for the sample with the plasma interactions was observed. There 
are many possible reasons for this increase in refractive index, which include: the presence of free 
silicon, interstitial oxygen, stoichiometry change, morphology change or an increase in density. Also, 
the interface between the plasma exposed regions could impede the path of the light during the 
ellipsometry measurements, therefore increasing the refractive index. 
Figure 7.15: A schematic diagram of the SiO2 thin film grown with repeated plasma interaction  
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The GAXRD pattern in Figure 7.17 illustrates no change in the bulk crystallographic structure for the 
SiO2 grown with and without plasma interactions, both appear to be amorphous. 
 
Figure 7.16: Optical transmission of a 180 nm of SiO2 layer deposited by pulsed DC with and without plasma 
interactions, referenced to the glass substrate 
 
Figure 7.17:  Crystallographic structure of the SiO2 layer without (blue) and with (green) plasma interactions, both 
exhibit an amorphous structure 
Cross sectional STEM samples of thicker deposited films were prepared as described in Section 4.3. 
Secondary electron (SE) images recorded in the STEM of the film grown without plasma interruption 
were featureless and diffraction patterns revealed the film to be amorphous. An SE image of the film 
with plasma interruptions is illustrated in Figure 7.18, with a higher magnification image alongside. 
No Plasma interruptions 
Plasma interruptions 
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The platinum layer on top of the SiO2 stack is used to protect the film during STEM sample preparation. 
The plasma interruptions are clearly visible as lighter regions in this SE STEM image. A slightly darker 
line is visible after the second plasma interruption as, at this point in the deposition, the RF launch de-
tuned whilst the pulsed DC supply to the target remained on. 
The changes in secondary electron yield depends on many different factors; the surface composition, 
topography, morphology, roughness and tilt. For the images in Figure 7.18, as the ion beam polished 
sample surface is effectively flat there should be no topography changes across the sample. The 
brighter regions in the SE could be due to the secondary electron yield for insulators being 
substantially higher than that for metals, due mainly to the different secondary electron energy loss 
mechanisms (associated with the different band structure) of metals compared to insulators (227). 
 
 
To determine if the change in contrast was due to a change in chemical composition, an EDX line scan 
was recorded across the layer. The results presented in Figure 7.19 suggests no chemical change at 
the plasma interruption regions, although the Si:O ratio progressively changes from 35:60 to 55:40 
through the sample. The reason for this apparent change in composition is likely to be associated with 
the continual change in thickness of the sample or preferential sputtering of the ion beam polisher 
rather than a real change in the Si:O ratio for the thin film. 
 
Figure 7.18: Secondary electron image of SiO2 grown at 2.5 kW with plasma interruptions (a) lower 
magnification image; (b) higher magnification image 
Si substrate 
SiO2 layer 
Protective  
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Figure 7.19: STEM secondary electron image and EDX line scan of an  
SiO2 layer grown at 2.5 kW with plasma interruptions  
To examine if the SE contrast is associated with a change in the atomic number (resulting from a higher 
density), the same region was imaged in Z-Contrast (ZC) mode (also known as High Angle Annular Dark 
Field (HAADF)), as shown in Figure 7.20. In the ZC mode, the signal is proportional to Z3/2
 
where Z is 
the atomic number and hence proportional to the density and thickness of the specimen (178). 
Although not clear from the image, a vertical line-scan yielding a more sensitive ZC signal taken from 
the same area, shows that that in this mode regions corresponding to the plasma interruption are also 
slightly brighter. As changes in the specimen thickness cannot be responsible for the observed 
contrast, higher atomic number elements present and increased density are possible causes of the 
contrast. Previously, it was found that a plasma treatment using a diffuse plasma results in a small 
amount ~1 % of Ar being implanted into the film. This low level of Ar would be difficult to determine 
within the noise on the EDX line-scan. It is also probable that the plasma treatment results in a more 
compact and densified film.   
The secondary electron yield also varies with the band structure of the material and is in agreement 
with the change in optical band gap in the optical transmission data (Figure 7.16). Hence, the plasma 
exposure may lead to the band structure being modified, caused by the presence of point defects, 
changes in density or other changes in the bulk structure of the material. However, as it is known that 
(1
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exposure of a growing film to low energy ions generally leads to increased surface diffusion of 
adatoms, then a densification of the film would be expected.  
 
 
 
Two samples of SiO2 using plasma interactions with a thickness of 200 nm were deposited onto 10 x 
12 cm2 P.PEN and sent to RDM for MOCON testing.  The two values of WVTR were 3.09 x 10-1 g/m2/day 
and 2.89 x 10-1 g/m2/day resulting in an average WVTR for SiO2 with plasma interactions of 2.99 x 10-
1 g/m2/day. Again very little improvement in barrier performance was observed compared to that of 
the control sample of SiO2 deposited with pulsed DC, 3.58 x 10-1 g/m2/day.  
This result implies that disrupting the growth either by the use of a partial shutter or by plasma 
interactions only slightly improves the WVTR, yielding no significant improvement from the use of P. 
PEN in the general laboratory environment. A greater improvement was observed by depositing on P. 
PEN in a reduced airborne particulate environment. It is speculated that the values are high due to the 
high levels of large scale airborne particulates in the deposition area and that the 2 methodologies 
have failed to adequately disrupt the growth of the resulting micro-defects, which are hugely 
Figure 7.20: Scanning transmission electron microscope (STEM) image of an SiO2 layer 
grown at 2.5 kW with plasma interruptions in Z contrast mode. The superimposed line 
corresponds to a more sensitive line-scan of the Z contrast mode signal, revealing small 
increases in the intensity at the plasma interruption points   
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detrimental to barrier performance (94,116,222). Although the 2 mechanisms used here were not 
optimised, (i.e. the plasma interactions could have caused too much roughening the surface, or the 
pauses were not long enough), it is speculated that the two mechanisms presented here could possibly 
be disrupting the growth of nano-defects but cannot eliminate the dominating micro-defects. 
7.5 Planarising Layer 
7.5.1 Introduction 
The results presented so far in this chapter have proven that is it very difficult to eliminate the effects 
of micro-defects using the inorganic substrate alone. Many researchers have shown that by using an 
organic/inorganic multilayer structure the WVTR rate can be improved by two or three orders of 
magnitude (163-165). The organic layer can be used to act as a thick ‘planarising’ layer to smooth over 
any irregularities (asperities or particulates) on the substrate surface (due to thickness of the polymer 
layer) and can also enhance flexibility, reducing the brittle nature of the inorganic layer (i.e. Al2O3 or 
SiO2 film). However, for most barrier bilayer designs, the polymer layer is deposited using an 
alternative method to the inorganic barrier layer. This increases cost, time and complexity of the 
barrier production. Attempts were therefore made to use the remote plasma sputter system to 
deposit a polymeric thin film. This is the first time the deposition of a polymer layer by remote plasma 
sputtering has been reported and PTFE has been selected as the polymer. PTFE has excellent 
properties in terms of flexibility, gas and moisture barriers (228). It is has also been used as a sputter 
target for magnetron sputtering (166,229-233) to produce a fluorocarbon thin film. Pannemann used 
1.5 µm of fluorocarbon to encapsulate organic thin film transistors (TFT) (234). The degradation rate 
of the TFT was strongly reduced compared to those fabricated without the PTFE encapsulation layer, 
but no WVTR results were presented. 
7.5.2 PTFE Sputtered Thin Film 
A 4” target was manufactured in-house using a 3 mm thick PTFE sheet and adhesion to the copper 
backing plate was achieved by scoring the back of the target and bonding with silver loaded epoxy.   
For the initial depositions of fluorocarbon films deposited by remote plasma RF sputtering, the PLS RF 
and target bias were held at 400 W respectively and the process pressure remained constant at 3 x 
10-3 mbar (43 sccm of Ar). This resulted in a deposition rate of 16.3 nm/min. (A further increase in 
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power resulted in de-bonding of the target). Coatings were deposited at thicknesses of 40 nm, 100 nm 
and 500 nm. 
Whilst all of the coatings were soft, they all passed the usual standard adhesion ‘tape test’ (applying 
Scotch Magic tape to the surface and removing it in one smooth action perpendicular to the surface). 
Inspection of the film after the tape test confirmed that no coating had been removed. 
To test the fluorocarbon coating intrinsic stress, pieces of 50 μm thick Kapton® film were loaded next 
to the glass slides for each of the three different film thicknesses. The deformation of the Kapton® 
gives an indication of the level and type of mechanical stress within the coating - a convex form 
indicating compressive stress and a concave form indicating tensile stress (details given in Section 5.2). 
As can be seen from Figure 7.21, the stresses within all the fluorocarbon films are seen to be negligible. 
Even the 500 nm coating displays no signs of stress and lies completely flat on a level surface. 
 
Figure 7.21: Photograph of fluorocarbon coatings with three different thicknesses (40 nm, 100 nm and 500 nm). 
deposited onto a 50 μm Kapton® film All exhibit no visible signs of intrinsic stress 
The aim of the fluorocarbon layer for barrier applications is to act as a ‘planarising’ layer to smooth 
over any irregularities (surface asperities or attached airborne particulates) on the substrate surface. 
Optical microscopy and AFM were employed to investigate if the remote plasma sputtered 
fluorocarbon film would be beneficial in acting as a ‘planarising’ layer. Figure 7.22 shows the optical 
images of a) bare P.PEN substrate and b) a remote plasma sputtered PTFE film on P.PEN with a 
thickness of 500 nm. From these images it is evident that the sputtered PTFE reduces the 
concentration of surface defects. 
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Figure 7.22: Optical microscopy images of (a) Bare P.PEN substrate and (b) a remote plasma sputtered PTFE film on 
P.PEN with a thickness of 500 nm  
 AFM images of the uncoated P.PEN and P.PEN with 500 nm of sputtered fluorocarbon (shown in 
Figure 7.23) agree with the optical microscopy images. Although the additional fluorocarbon layer 
does not alter the average roughness (Ra) significantly (0.48 nm compared to 0.5 nm without 
fluorocarbon layer), the peak to peak value reduced from 21.1 nm to 11.3 nm. This indicates that the 
polymer layer can be used to smooth surface asperities/particulates. 
The 500 nm sputtered fluorocarbon coating has also been examined by cross sectional SEM, illustrated 
in Figure 7.24, for ease of analysis a Si substrate was used. From the images it appears that the 
fluorocarbon is growing as particulates however this is inconclusive as a 5 nm Au coating has been 
deposited on the top surface of this cross section to minimise charging. As the fluorocarbon has a very 
low surface energy (235), the thin Au could be agglomerating on the surface, giving rise to this surface 
morphology.  
Figure 7.23: 3D AFM images of (a) uncoated DuPont’s Planarised PEN (Ra of 0.5 nm and peak-to-peak 21.1 nm) and 
(b) 500 nm sputtered fluorocarbon film on P.PEN (Ra of 0.48 nm and peak-to-peak 11.3 nm) 
(a)                                                                             (b) 
(a)                                                                                  (b) 
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Figure 7.24: Cross sectional SEM images of 500 nm of fluorocarbon layer grown on Si 
The effect of two different RF PLS powers (150 W and 400 W) on the deposition rate and properties 
of the fluorocarbon films by remote plasma RF sputtering was investigated. The process pressure 
remained constant at 3 x 10-3 mbar (43 sccm of Ar) and the RF bias held at 400 W for both conditions.  
The deposition rate at 400 W RF PLS power was 16.3 nm/min and decreased to 6.5 nm/min for the 
deposition carried out at 150 W. The 2 films were deposited on glass with similar thicknesses, 205 nm 
and 190 nm, for 150 W and 400 W respectively and the optical transparency measured, Figure 7.25 
(referenced to the glass substrate).  The high transparency in the visible regions suggests that the films 
are amorphous (229) as the presence of crystalline PTFE would result in light scattering and a decrease 
in optical transmission. The slight absorption of the optical transmission in the UV region for the 150 
W is indicative of fluorine deficiency (225,236). 
Figure 7.25: Optical transmission of 200 nm thick fluorocarbon films  
deposited at 400 W and 150 W RF PLS power (Reference to glass) 
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The crystallinity of the PTFE target and the fluorocarbon sputtered films (on to Si wafers) have been 
studied using GAXRD. Figure 7.26 displays the GAXRD pattern for the PTFE target with peaks 
corresponding to the library data of PTFE (JCPDS 00-054-1595). The patterns for sputtered 
fluorocarbon films in Figure 7.27 confirm that both films are amorphous; this is attributed to the low 
target power used. 
  
Figure 7.26: Glancing Angle XRD pattern of bulk PTFE target material 
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Figure 7.27: Glancing Angle XRD pattern of remote plasma sputtered 200 nm fluorocarbon films 
deposited onto glass with RF launch powers of 400 W and 150 W 
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The chemical composition of the bulk PTFE (target) and films grown at 400 W and 150 W were 
obtained using XPS analysis. The survey spectrum of the PTFE target, presented in Figure 7.28, 
comprised mostly of carbon and fluorine, but with 8 at. % oxygen also being observed. A high 
resolution C 1s scan of the target material, given in Figure 7.29, reveals a hydrocarbon peak at 285.0 
eV due to contamination and a peak at a higher binding energy of 292.2 eV which corresponds to the 
CF2 bonding expected for bulk PTFE (237). 
The work of Bierderman has shown that when PTFE is sputtered, polymer fragments are ejected from 
the target and further molecular dissociation results from excitation of a plasma (236). If enough 
energy is available polymerisation of the fragments occurs at the substrate. The survey spectrum for 
the remote plasma sputtered films shown in Figure 7.30 suggests that the films are primarily carbon 
and fluorine with very little oxygen (~ 1 at. %). As no clear hydrocarbon peak was present, all the data 
was charge compensated to F 1s (689.3 eV). The two unlabelled peaks at 630 eV and 680 eV are 
satellites from the unmonochromated Al anode. The elemental concentrations are shown in Table 7.2 
and both films have ~ 2:1 ratio of F to C.  It is thought that the increased plasma power for the 400 W 
deposition results in a higher degree of polymerisation at the substrate, hence greater reaction 
between depositing species, yielding to a slightly higher F content in the film (238).  This also 
corresponds to the reduced transmission in the UV of the 150 W film, as the fluorine content is lower 
than for the 400 W film.  
Figure 7.28: XPS survey spectra of PTFE target 
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Figure 7.29: High resolution XPS C 1s spectrum for the bulk PTFE target 
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Figure 7.30: XPS survey spectra of fluorocarbon films deposited at 
 RF plasma powers of: (a) 400 W and (b) 150 W 
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Table 7.2: XPS determined chemical composition for fluorocarbon films deposited at  
RF plasma powers of 400 W and 150 W 
 400 W (at. %) 150 W (at. %) 
Carbon 33.7 35.7 
Fluorine 64.5 61.7 
Oxygen 1.7 2.4 
Nitrogen 0 0.3 
 
The high resolution XPS spectra of the C 1s peak (Figure 7.31) highlights that the PTFE like film is 
formed of different C-F fragments. From data in the literature (239,240), the binding energies (Eb) can 
be assigned to the following chemical states: C-C/C-H (Eb =285.3 eV), –C–CF (Eb =287.9 eV), –CF (Eb 
=290.2 eV), –CF2 (Eb =292.3 eV), –CF3 (Eb =294.2 eV). CF2 are species associated with the polymer 
network, CF3 terminating chains and CF components indicating branching or cross-linking points (238).  
The XPS results show that the structure of both fluorocarbon films is highly disordered and exhibits 
high levels of cross-linking (241). The C 1s spectra agree with those found in the literature for RF 
magnetron sputtered (242,243) CVD (233) and ion beam sputtered (237) films from a PTFE target. 
Figure 7.31 clearly shows that the films deposited at a plasma power of 400 W contain more CF2 
fragments. This is in agreement with the literature (238) and it is thought that when the fragments 
condense on the substrate the increased energy due to ion bombardment (both flux and ion energy) 
aids the recombination of larger chains, hence the number of CF3 end groups decreases and number 
of CF2 chain groups increase by raising the power (229,238). 
The in-house permeation test was employed to determine the barrier properties of the fluorocarbon 
films. Films with different thicknesses of 100 nm, 240 nm and 350 nm were deposited onto Al pads on 
glass using 150 W and 400 W for the RF launch (RF bias remained constant at 400 W). All 6 films failed 
after exposure to RH 85 % at 80 °C for 1 hour. However, the PTFE deposited at 150 W did show 
improved barrier properties compared to 400 W. It is thought that the increased plasma ion 
bombardment increases surface roughness (235,244), which is detrimental to the barrier 
performance. 
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Figure 7.31: Peak fitted XPS C 1s spectrum for fluorocarbon films deposited at  
RF plasma powers of:  (a) 400 W and (b) 150 W 
As the intrinsic PTFE layer does not exhibit a good barrier performance, it must be used in conjunction 
with an inorganic layer. To determine if the sputtered fluorocarbon films provide a beneficial 
planarising layer and hence improved barrier performance, an inorganic layer (SiO2 200 nm) was 
sputtered with and without the sputtered ‘planarising’ polymer layer (200 nm) without breaking 
vacuum and tested using the in-house permeation test. The results of the two samples after 2 hours 
(RH 85 % at 80° C) are pictured on a light box in Figure 7.32. The sample with the planarising layer 
failed first and it appeared the bilayer film had cracked and crinkled. Adhesion testing (tape test) of 
the Al/PTFE/film revealed the adhesion between the PTFE and SiO2 layer was poor. Subsequent review 
of the literature revealed that PTFE has a large thermal expansion coefficient and heating up to 80 °C 
would cause the fluorocarbon film to expand by ~ 2 % and contract back to its original dimensions at 
lower temperature (245). Fluorocarbon has an order of magnitude high thermal expansion coefficient 
compared to SiO2 (246), the substantial difference between these values will result in degree of 
expansion and contraction between the fluorocarbon and SiO2 layers such that delamination and 
cracking of the SiO2 may occur.  
 
(a)                                                 (b) 
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Figure 7.32: Photographs of a 200 nm layer of SiO2 deposited on an Al pad, and an Al pad coated with a 200 nm: 200 
nm bilayer of fluorocarbon: SiO2 after 2 hours in the environmental chamber (RH 85 % at 80 °C) 
It was speculated that a post plasma treatment could be used to alter the surface energy of the PTFE 
to aid adhesion. Hence 200 nm of PTFE was deposited on glass and immediately after deposition 
exposed to a diffuse Ar plasma at 1.5 kW (switching off the steering magnet) for 5 minutes allowing 
the plasma to impinge on the surface of the PTFE film. Again XPS was used to determine the chemical 
composition, the survey spectra and composition are presented in Figure 7.33 and Table 7.3 
respectively. The oxygen concentration present at the surface increases from 2.4 at. % without plasma 
treatment to 43.2 at. % with plasma treatment while the fluorine concentration decreases 
significantly, in agreement with the literature for Ar plasma treated fluorocarbon films (247). After the 
plasma treatment, the polymer surface contains many dangling bonds which react with residual gases 
in the chamber (229) and with water vapour and oxygen when the film is exposed to the open air 
(248,249). The plasma treated sample also contained a significant amount of Si (11 at.%), which is a 
result of contamination from the Kapton® tape adhesive used to fixed the substrate to the holder. 
Similar Kapton® tape contamination (24 % Si) was reported in Section 6.5.3 when exposing an Al film 
to a diffuse plasma treatment.  
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Figure 7.33: XPS survey spectra of fluorocarbon thin film post plasma treated with Ar plasma at 1.5 kW for 5 minutes 
Table 7.3: XPS determined chemical composition for fluorocarbon films as deposited and post plasma treatment 
 As deposited (at. %) Post plasma treatment (at. %) 
Carbon 35.7 39.5 
Fluorocarbon 61.7 4.5 
Oxygen 2.4 43.2 
Nitrogen 0.2 1.8 
Silicon 0 11.0 
 
The high resolution XPS spectra of the peak fitted C 1s for the fluorocarbon film post plasma treatment 
is shown in Figure 7.35. As a result of the plasma treatment, the C-F bonds are broken and replaced 
by C-O bonds. This is in agreement with the literature showing that the Ar plasma treatment leads to 
the macromolecular chains on the fluorocarbon film surface being broken and new hydrophilic, 
oxygen containing groups (-C-O-C-, -C=O- and –C-C=O-) are formed (235,244). Water droplet tests 
were used to determine the contact angle for the fluorocarbon films as deposited, Figure 7.34a, and 
post plasma treatment, Figure 7.34b. The post plasma treated film clearly shows a decrease in contact 
angle from ~ 95° (pre-treatment) to ~ 25° (post-treatment). The contact angle is mainly affected by 
the morphology and chemistry of the polymer surface. It is probable that the plasma treatment 
increases the surface roughness in addition to forming polar groups at the surface. Both the XPS 
analysis and contact angle results confirm that due to the presence of the new polar groups, the 
surface is more hydrophilic (235). To test for adhesion, a 200 nm SiO2 layer was deposited on plasma 
O Auger 
F Auger 
F2s 
C Auger 
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treated fluorocarbon and this passed the tape test. This is in agreement with the literature that plasma 
treatments lead to improvements in PTFE adhesion and wettability (235). 
Figure 7.34: Photographs of the water droplets formed on the fluorocarbon films 
 (a) as deposited and (b) post plasma treatment 
Figure 7.35: Peak fitted XPS C 1s spectrum of PTFE thin film post plasma treatment.  
Many C-O species are present resulting in a hydrophilic surface 
The barrier property of the plasma treated 200:200 nm thick fluorocarbon:SiO2 bilayer (fluorocarbon 
layer Ar plasma treated at 1.5 kW for 3 minutes) was then tested using the in-house permeation test. 
After testing for 2 hours (at RH 85 % at 80 °C) the Al pad appeared completely opaque; however a 
further 2 hours of testing (at RH 85 % at 80 °C) resulted in failure of the barrier performance due to 
cracking and wrinkling of the film, as shown in Figure 7.36. Both Wilson and Reznickova presented 
that over time, the plasma treated fluorocarbon undergoes an aging process (235,247); chemical 
reactions with air and relaxation of side groups and chains results in the modified polymer reverting 
back to its original state.  
Figure 7.36: Photograph of a 200:200 nm fluorocarbon:SiO2 bilayer on Al/glass, (fluorocarbon layer Ar plasma 
treated at 1.5 kW for 3 minutes). The sample was environmentally tested for 4 hours (at RH 85 % at 80 °C) 
Si - C 
(a)                                                       (b) 
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Attempts were made to improve performance by varying the plasma processing conditions (RF 
powers, duration and gases (O2 and N2)), however no improvement in performance was observed. The 
SiO2 layer was also substituted for Al2O3; this also resulted in cracking and crinkling after exposure in 
the environmental chamber. 
The results presented in this section have reported the first deposition of a polymer by remote plasma 
sputtering.  Remote plasma sputtered fluorocarbon layers have been deposited and investigated to 
act as a planarising layer in an organic/inorganic bilayer. The adhesion of the fluorocarbon layer to 
glass/thin films was good; however the adhesion between the fluorocarbon and SiO2/Al2O3 layers 
remained poor, as evidenced by failed adhesion tape testing. XPS and water droplet testing results 
have shown that plasma treatment can be used modify the surface chemistry of the film, increasing 
the surface energy leading to a more hydrophilic surface. The plasma treatment improved the 
adhesion between the PTFE and SiO2; however the bilayer deformed after 4 hours in the 
environmental chamber. Thus, the use of a fluorocarbon film in a multilayer structure for barrier 
purposes appears unsuitable using the deposition conditions trialled. Hence, no multilayer depositions 
onto P. PEN for WVTR testing were performed. Alternative polymeric materials such as ethylene vinyl 
alcohol (EVOH) (250) and polyethylene (251) could be successful; however these were not investigated 
as part of this work.  
7.6 Summary  
The results presented in Chapter 5 indicated that remote plasma sputtered Al2O3, TiO2 and SiO2 should 
be ideal for barrier layers, however the WVTRs for these films were much higher than expected, of 
the order of 10-1 g/m2/day. The development of the in-house permeation test revealed the poor WVTR 
is a result of localised defects. 
The results from the beginning of this chapter revealed that by improved cleanliness procedures and 
deposition onto planarised PEN an order of magnitude WVTR improvement could be achieved (1.70 x 
10-2 g/m2/day). 
Two methodologies were employed to potentially disrupt the growth of propagating nano-defects in 
the growing film. Firstly, a partial shutter was used to relax the growing film during deposition. 
Secondly, the film growth was interrupted at regular intervals during the deposition and the surface 
of the film exposed to the plasma for short periods. At the points where the film was exposed to the 
Exploration of Methodologies to Enhance Barrier Layer Performance     
174 
 
diffuse plasma a change in contrast in both the SE and HAADF mode was observed. However, the EDX 
line scan showed no clear chemical difference at these points concluding that the film was most 
probably being densified through enhanced surface diffusion during the plasma interruptions and 
small amounts (~1 %) of Ar inclusions (indistinguishable from the background noise).  For both 
mechanisms only a slight improvement in WVTR was observed as it was speculated that micro-defects 
from airborne particulates were still dominating the permeation process.  
It is expected that the issue of airborne particulates will be exacerbated in a typical production 
environment. Even when deposited in a clean room the particulates cannot be completely removed 
as on a roll-to-roll system the non-insulating polymeric film electrostatically charges during winding, 
attracting particulates to adhere to the substrate surface (222).  Also in production deliberately 
included ~ 1 µm (typical SiO2) anti-block particulates protrude the polymer surface to prevent the back 
of the polymeric film adhering to the deposited layer during re-wind. The elimination of particulates 
in production through enhanced cleaning measures and environment is therefore likely to be 
expensive and potentially ineffective; burial of particulates is therefore an attractive proposition.   
A sputter fluorocarbon layer was investigated to act as a planarising layer to cover any surface 
asperities and particulates. Section 7.6 reported results of the first remote sputtered polymer, PTFE. 
However creating an inorganic/organic structure proved difficult due to adhesion issues with SiO2 on 
fluorocarbon films and deformation of the fluorocarbon films when exposed to 80 °C and 85 % RH. 
XPS results have shown that post plasma treatment of fluorocarbon films can be used to modify the 
surface chemistry leading to a more hydrophilic surface. Unfortunately the deformation of the bilayer 
under the inorganic layer proved problematic when tested in the environmental chamber.  
Possible solutions to minimise the permeation through macro-defects occurring from particulates and 
surface asperities will be further addressed in Chapter 8. 
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Chapter 8. Implementation of Ionised PVD and Substrate Bias 
 
8.1 Introduction 
The previous chapter has shown that the thin film layers deposited by remote plasma sputtering failed 
to achieve the barrier performance that would be expected on the basis of structural analysis (with 
WVTR’s > 10-2 g/m2/day) and that this was most likely due to the presence of airborne particulates on 
the substrates and surface asperities inherent to the PEN substrate. This is a potentially severe 
problem, not only to the accurate assessment of barrier properties of materials prepared by differing 
processes in R&D, but especially when considering the need to implement any barrier thin film process 
in large scale production, where each coater is likely to produce many square meters of product per 
hour on a near continuous basis. The total elimination of particulates is difficult, if not impossible, at 
this scale of operation. Although many particulates can be removed by substrate cleaning and plasma 
treatment, some will remain due to strong attraction to the surface resulting from van de Waals 
forces. Whilst many R & D institutes operate in Class 100 or 1000 cleanroom environments (the class 
number denoting the number of particles > 0.5 µm per ft3) and this is cost effective to implement for 
the high value and generally smaller scale products typical of the semiconductor industry, achieving 
equivalent cleanroom conditions is not commercially attractive for most barrier layer applications. 
Also due to debris from the coating process, even when depositing in a clean room, the particulates 
cannot be completely removed as on a roll-to-roll system the non-insulating polymeric film 
electrostatically charges during winding, attracting particulates to adhere to the substrate surface 
(222). There will also be circumstances in which a non-planar surface topography is a deliberate 
requirement, e.g. the encapsulation of multilayer patterned structures and the incorporation of ‘anti-
block’ particulates in a web sheet, with the potential for similar deleterious impact on barrier 
properties. Therefore, reducing the impact of structure induced micro-defects, whether accidently or 
deliberately included, would be beneficial to improve yield and minimise costs in a production 
environment. 
In literature the best WVTR reported for single layer film is by ALD, and it is thought this is due to the 
high degree of conformal coverage achieved by this technique. Any particulates (i.e. dust or anti-block 
particles) or topographically features (e.g. OLED structures) present on the substrate can, in principle, 
be conformally coated by the ALD coating, whereas conventional sputtering is typically line-of-sight, 
resulting in a pinhole. However ALD is currently an unproven production technology, with some issues 
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regarding the range of materials that can be coated and, in the case of particulates, buried by the 
current processes. Therefore the focus of this research evolved at this stage of the work to production 
of an industrially compatible, cost effective process to deposit barrier layers that would be inherently 
tolerant to the presence of particulates. Conformal coverage of the particulate was essentially 
required, as this could encapsulate and bury it within the growing film, eliminating the pathways for 
moisture or oxygen ingress. Conformal coverage during sputtering is a well-established process 
(70,252) and is achieved by the combined use of ionised physical vapour deposition and electrical 
substrate biasing.  This approach is discussed in Section 8.2. 
Section 8.3 investigates the conformal deposition of Al and Al2O3 thin films onto an electrically biased 
substrate. This reports the first use of substrate biasing with remote plasma sputtering. Section 8.4 
considers the in-house permeation test screening method and how it has been applied to determine 
if substrate bias can be used to produce conformal coatings around particulates and hence improve 
barrier properties. Section 8.5 presents the fabrication of different 3D structures to imitate the 
shadowing created by particulates. These structures were then used to determine if appropriate and 
effective conformal coverage had been achieved through biasing of the substrate.  
A comprehensive set of trials were then conducted to determine the if the remote plasma sputtering 
technique could deliver conformal coating of high aspect ratio structures, a critical requirement when 
encapsulating multilayer patterned structures; the results are shown in Section 8.6.  
Finally, the use of electrical bias on a polymeric substrate to potentially enable conformal coverage in 
a roll-to-roll process has been explored. 
8.2 Encapsulating Particulates 
The schematic diagram in Figure 8.1a illustrates how a particulate would typically be coated in a 
‘normal mode of operation’ sputter deposition. The majority of the coating will be deposited line-of-
sight and hence shadowed regions where the coating may be significantly thinner or even absent will 
exist, leading to the presence of pinholes which are detrimental to the barrier properties. However, if 
conformal coverage of the particulate can be achieved, the particulate would be encased within the 
growing film, as shown in Figure 8.1b, leading to the growth of a continuous film and the elimination 
of pinholes. 
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Figure 8.1: Schematic diagram showing a sputter deposited barrier film deposited around a particulate: (a) with line-
of-sight deposition (b) using a methodology which achieves conformal coverage of the particulate  
For many PVD processes, a degree of conformal coverage can be achieved through substrate motion 
during coating deposition, or through increasing the process pressure. The latter reduces the mean 
free path of scattering collisions between the sputtered flux and process gas (usually Ar) and increases 
the scattering frequency. Both techniques increase the angular distribution of arriving sputter material 
at the substrate to allow some coating of shallow trenches and via side walls, but with limited ability 
to coat more demanding 3D structures, especially where ‘overhangs’ are present.   
Further improvement of PVD conformal coverage can be achieved using ionised physical vapour 
deposition (IPVD) in which an electrical substrate bias is used to influence the directionality and energy 
of arriving ionised material (72,73). For most PVD processes, significant ionisation of the physical 
vapour is only achieved if a secondary plasma discharge is used, usually either an inductively coupled 
plasma (ICP) (81) or an electron cyclotron resonance (ECR) microwave plasma (74,82). Alternatively, 
high power impulse magnetron sputtering (HiPIMS) can directly produce highly ionised species, 
though at the expense of severely reduced deposition rate (80). Substrate bias can then be used to 
modify the arrival characteristics of sputter flux ions. Their direction and kinetic energy can be 
controlled (253), resulting in greater penetration into high aspect ratio structures such as trenches or 
vias (74,75). 
With remote plasma sputtering, the low energy bombardment provided by the plasma (Ar) ions, even 
without any substrate bias, aids densification (254);  by increasing the substrate bias these Ar ions will 
eventually have sufficient energy to cause re-sputtering of deposited material. The re-sputtered 
material effectively increases the angular distribution of the overall sputtered material flux, allowing 
surfaces that are ‘shadowed’ from the target material source to be coated and providing a mechanism 
to conformally cover 3D surfaces such as particulates (schematic shown in Figure 8.2). 
(a)                                          (b) 
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Figure 8.2: Schematic diagram showing coating of a particulate: (a) with no substrate bias,  
(b) with substrate bias, causing ion bombardment of the deposited material, (c) re-sputtering of the deposited 
material such that the coated surface acts as a sputter source for the underside coating and  
(d) conformal coverage and entrapment of the particulate  
Previous (unreported) experimental studies by PQL on remote plasma sputtering indicated that a 
substantial proportion of the sputter flux might be continuously ionised without the need of a 
secondary discharge, providing a further variable that might be used to promote conformal coverage 
with substrate bias.  
As this was a previously unexplored potential of the remote plasma sputter system, a substrate bias 
capability was therefore established on one of PQL’s in-house systems. An initial series of trials was 
conducted to determine the effect of substrate biasing on the sputtered material flux by measuring 
the substrate I-V characteristics and from optical emission spectroscopy (OES); the following section 
(8.3) reports this work. 
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8.3 Substrate Bias 
8.3.1 Plasma Characteristics 
The application of a substrate bias to permit re-sputtering in a magnetron sputtering system is well 
documented (255). In attracting ions to the substrate to cause re-sputtering, electrons are also 
required at the substrate to neutralise the charge build up that would otherwise result from the 
positive ion bombardment, especially when an electrically isolated substrate e.g. polymer is used.  This 
requirement is the same as for sputtering from a non-conducting target where an RF or pulsed DC bias 
is used for that purpose and therefore the same techniques can be applied to controllably achieve 
substrate bias. Within the remote plasma system it was, however, unclear what affect the directionally 
and spatially variant electromagnetic field and magnetised plasma would have on re-sputtering. 
Consequently, the plasma characteristics in the presence of an electrical bias were first characterised.   
To understand how the substrate bias would potentially interact in the remote plasma system, the 
basic behaviour of surfaces within a plasma needs to be considered. The bulk of a typical plasma will 
be quasi-neutral (i.e. equal number of ions and electrons) but the electrons have a higher velocity 
(drift mobility) than the ions due to their lower mass and higher temperature (37), as detailed in 
Section 2.3.5. The vacuum chamber walls and any electrically isolated object placed in the plasma will 
begin to charge negatively with respect to the plasma, as the electron flux at the object is higher than 
the ion flux. The negative surface potential attracts ions and retards electrons and the potential will 
increase until a steady state of equal electron and ion flux is reached. This results in a sheath of positive 
space charge developing around the negatively charged surface, as shown in Figure 8.3 (256).  The 
electrical potential of an isolated object in the plasma is known as the floating potential Vf and is 
usually negative compared to the plasma potential Vp. Hence, the plasma potential (measured relative 
to ground), is typically a few volts higher than the most positive surfaces within the discharge.  
The most common technique for plasma analysis is the use of a Langmuir probe (developed by Irving 
Langmuir in 1924) (257). An electrical bias is applied to the probe; if the applied voltage, V is made 
negative with respect to the plasma, ions are attracted, if V is made positive, electrons are attracted. 
The response of the current to an applied voltage can be plotted as an I-V curve and a typical plot is 
shown in Figure 8.4.  As is the normal convention for a plasma I-V curve, the electron current into the 
probe is displayed on the positive y axis. The I-V data can be analysed to determine the plasma 
potential, Vp, floating potential, Vf, density and electron temperature. 
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Figure 8.3: Schematic diagram showing the charge distribution near a surface abutting a glow discharge plasma 
 
Figure 8.4: Typical current – voltage characteristic of a Langmuir probe in a plasma 
The remotely generated plasma used in this work is a spatially extensive, variable strength magnetised 
plasma in which the ion and electron motion is significantly modified from that normally associated 
with a conventional plasma. This has an impact on the plasma generation, sputtering and deposition 
behaviour. The motion of the electrons and ions orthogonal to the magnetic field direction is 
disproportionately restricted such that the usually higher electron drift mobility is now effectively less 
than the ion drift mobility. This mobility inversion is most obviously demonstrated by the observation 
that an electrically isolated (floating) substrate will charge positively in the magnetised plasma, as 
reported with other similar systems (56,87,88).  
In a conventional sputter system, if an RF bias is applied to the substrate only a small amount of bias 
power is required to attract sputtering ions and neutralising electrons during the course of RF signal. 
Due to the high mobility of electrons compared to ions very little cycle of RF is needed to attract 
electrons resulting in a low level of heating. In the remote plasma system, without being sure of the 
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effect of magnetic plasma on electron mobility it is unclear if a higher RF bias is required to cause re-
sputtering. 
Although a Langmuir probe allows detailed mapping of the plasma, for this work it was more 
important to measure the plasma characteristics experienced by the entire substrate stage in order 
to understand the effect of substrate biasing. The I-V characteristics were therefore obtained by 
applying a DC bias voltage to an electrically conductive substrate stage in conjunction with a multi-
meter to measure current. The I-V curve obtained for a DC substrate bias Vb, varied between -80 and 
+60 V is shown in Figure 8.5. This data is, as would be expected, similar to a typical I-V response from 
a Langmuir probe in a conventional plasma, with the notable exception that there is a positive voltage 
zero current cross over point, not the usual negative voltage (comparison of Figure 8.5 with Figure 
8.4). This confirms that the ion drift mobility is higher than the electron drift mobility in the 
magnetised plasma, requiring an electric field to draw electrons from the plasma and/or slow the ion 
arrival rate to achieve equal charge flows. As shown by the measurements, an excess of ions arrives 
at the substrate until a positive voltage of 2.8 V is reached, at which point a dynamic equilibrium 
between the electron and ion flux is achieved. For bias voltages above 2.8 V, increasingly higher 
electron currents are drawn from the magnetised plasma, confirming that the electron electrical field 
drift mobility remains sufficient to prevent charge build up if an RF substrate bias were to be applied 
(as is required for non-conducting metal oxide thin films). This confirms that the use of RF substrate 
bias is possible with remote plasma sputtering, in a similar manner to that used in magnetron 
sputtering work, with no significant deleterious or major impact likely to result from the use of a 
magnetised plasma. On this basis, the modification of a PQL system to incorporate this facility was 
approved for the work.  
Figure 8.5: Current – voltage characteristic (no target bias) for the remote plasma sputter system 
It should be noted that the floating voltage of 2.8 V is not an absolute value but the value obtained at 
the substrate for the processing conditions used for the depositions reported within this chapter.  The 
plasma characteristics within all systems are dependent upon factors such as the magnetic field 
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strength and configuration, process pressure, RF power and also the probe location. Within the 
remote plasma system, the floating voltage is however always positive outside of the visible glow 
discharge region for typical processing conditions.      
In this work, the substrates used were non-conducting and therefore the use of an RF substrate bias 
was essential. Normally the corresponding bias voltage can be simply read off the RF power supply 
unit from information supplied by the matching unit. However the matching unit had been previously 
used as part of the remote plasma generation set up which required the removal of this function to 
enable matching compatibility. Hence, to determine the effective bias voltage, the DC power versus 
voltage was plotted (see Figure 8.6) from the data shown in Figure 8.5. With the RF power known, the 
comparative offset DC bias voltage can be extrapolated (See Table 8.1). 
 
Figure 8.6: Power - Voltage plot 
 
Table 8.1: Conversion of RF power to bias voltage 
Power (W) Voltage (V) 
0 0 
50 -111 
100 -223 
150 -334 
200 -445 
 
To confirm PQL’s unreported studies regarding IPVD (as mentioned previously), the presence of 
ionised sputter flux in proximity to the substrate was determined by the focused OES system described 
earlier in Section 4.3.4. Due to system availability restrictions, the OES measurements were made 
using a Ti target rather than the Al target intended to be used for the deposition of Al2O3 barrier layers; 
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as the ionisation levels of Al and Ti are similar (5.77 eV and 5.89 eV respectively), the results are 
considered representative of the behaviour for sputtered Al. The plasma emission spectra obtained 
with and without target bias are shown in Figure 8.7. For no target bias, only Ar peaks are present as 
expected. Additional peaks appear when a 500 W target bias is applied; comparison with published 
data (258) shows these additional peaks are due to both excited Ti atoms and ions. The four peaks at 
308.02, 323.55, 334.88 and 375.96 nm correspond to singly ionised Ti, showing that remote plasma 
sputtering can offer the benefits of an IPVD process.  
Figure 8.7: OES spectra without and with a 500 W Ti target bias 
The ionised flux behaviour can be influenced through the use of an applied substrate bias (72). Figure 
8.8 shows the progressive increase in the intensity of the four Ti+ OES peaks close to the substrate 
with increasing negative substrate bias. The intensity of each peak is directly proportional to the 
number of emission events (as shown by equation ( 8-1 )). 
 𝐼(𝑣𝑥) = 𝐾(𝑣𝑥)ℎ𝑣𝑥𝐴[𝑋] ( 8-1 ) 
where vx is the frequency of the transition, K(vx) is the total optical detection efficiency at vx, h is 
Planck’s constant, A is the optical emission probability for the transition and [X] is the number density 
of species X. 
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This shows that the number of Ti ions directed towards the substrate increases with increasing 
substrate bias.  
 
Figure 8.8: OES line intensities for Ti+ as a function of substrate bias 
8.3.2 Depositing Al with Substrate Bias 
Prior to deposition work using Al, a brief opportunity was provided to repeat the OES measurement 
with the Al sputter target. OES spectra without and with substrate bias were collected during the initial 
deposition of Al coatings (Figure 8.9); these display a similar trend to that of Ti over the wavelength 
range recorded (Figure 8.7). Use of a 600 W bias gives rise to the presence of both excited and ionised 
Al in the sputter flux. The OES peaks at 266.71 nm and 281.69 nm match well with emission lines for 
singly ionised, Al+ (258), confirming the potential for an IPVD process to be present during coating. 
The Al thin films for substrate bias trials were grown using a high purity (99.99%) Al 4” target and Ar 
of 99.999% purity was used as the sputter gas. The PLS RF power was kept constant at 0.6 kW, DC 
target bias at 600 V with an Ar flow of 50 sccm giving a process pressure of 3.2 x 10-3 mbar. Substrate 
rotation was not employed making use of a multi-sample experiment in which spatial positioning 
would impact the flux of ion bombardment. Therefore four glass slides were mounted on the substrate 
holder in position 1 (closest to PLS), 2, 3 and 4, as shown in Figure 8.10. Substrate power values of 0, 
20, 40, 60, 80 and 100 W were selected, corresponding to voltages of 0, -45, -90, -134, -178 and -222 
V respectively. 
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Figure 8.9: OES spectra with and without Al target bias 
Photographs of the Al layers deposited on glass substrates with varying substrate bias and placed on 
a light box are shown in Figure 8.11. From the photographs it is evident that with a substrate bias of 
0, -45 and -90 V the Al is completely opaque and therefore suggests the thickness is > 50 nm. At a 
substrate bias of -178 V, the glass slide closest to the PLS (in position 1) has undergone re-sputtering 
due to an increase in the density of ions closer to the PLS. It is clear from the photographs that as the 
substrate bias is increased further to –222 V, re-sputtering has occurred over the full substrate table, 
but again more re-sputtering has occurred closer to the PLS. 
The effect of substrate bias (Vb = 0 V to -222 V) on deposition rate for position 2 is presented in Figure 
8.12; applying a substrate bias of –90 V leads to the deposition rate being increased by 2 nm min-1 
(plus 18%) compared to zero bias. The increase in deposition rate could be attributed to an increase 
in the number of Al ions arriving at the substrate or the implantation of Ar. XPS results (Figure 8.13) 
confirm that no Ar was present in the Al film for a 0 W bias and only 0.15 % Ar present in the Al for a 
bias of -90 V, which is not sufficient to account for the deposition rate increase, hence both the 
deposition rate and OES data support the view that increasing the substrate bias results in an increase 
of ionised material flux to the substrate, as would be expected with an IPVD process. At a Vb > -90 V, 
the deposition rate decreases. This is likely to be due to the increasing re-sputter rate at higher 
voltages, the observed starting voltage threshold being consistent with normal aluminium sputter 
behaviour. Therefore, any increase in the deposition rate from more Al ions arriving at the substrate 
is negated by a higher re-sputter flux.  
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Figure 8.10: Plan view to show the target, PLS to substrate position the 4 positions of glass 
slides relative to PLS and Al target  
             PLS  
Target position 
under substrate 
 
1         2         3         4  
Figure 8.11: Photographs of a 20 minute deposition of Al with varying substrate bias (0 to -222 V) 
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Figure 8.12: A plot of the deposition rate as a function of substrate bias for the deposition of Al 
 
Figure 8.13: XPS Ar 2p spectra for Al deposited with (a) 0 V substrate bias (b) -134 V substrate bias 
 
GAXRD patterns for depositions performed with 0, -90 and -134 V substrate bias are presented in 
Figure 8.14 and show that the nanocrystalline structure of the Al film deposited with no bias has been 
retained as the substrate bias is increased.  However, the preferential (111) orientation at 0 V is not 
preserved as the substrate bias is increased to -134 V and a more random grain orientation develops. 
For the deposition at 0 V bias, the Al (f.c.c. face centred cubic) exhibits pronounced preferential growth 
on the lower energy (111) plane. It is postulated that the more random grain orientation observed 
with increasing substrate bias (-90 V and -134 V) is due to the increased adatom mobility induced by 
ion bombardment (259), though further work would be required to confirm this. 
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8.3.3 Deposition of Al2O3 with Substrate Bias 
To examine the effect of substrate bias on a reactive process, Al2O3 thin films were grown. For the 
deposition of these thin films the O2 flow remained constant (3.4 sccm) and the substrate bias was 
varied from 0 to -550 V. The deposition rate on the glass slide in position 2 (Figure 8.10) as a function 
of substrate bias (varied from 0 to -550 V) for the reactive deposition of Al2O3 (Figure 8.15) displays a 
similar trend to the Al process (Figure 8.12). However the Vb corresponding to the maximum 
deposition rate increased from -90 V for Al to -300 V for Al2O3. It is well known that the sputter rate 
of metal oxides is lower than metals (and the sputter threshold correspondingly higher) and hence a 
shift of the Vb maximum to higher voltages would be expected. Similar trends in the deposition rate 
have also been reported when varying the substrate bias for Cu2O (255) and TiNxOy (130). A change in 
stoichiometry could also affect the deposition rate, however EDX analysis revealed no variation in 
chemical composition as the substrate bias was increased. The higher sputter threshold allows a much 
higher collecting field for ionised sputter material to be realised than for metal deposition, resulting 
in a major increase in deposition rate (plus 80%) and confirming the presence of a substantial 
proportion of ionised material in the sputter flux, as indicated by the earlier presented OES data.  It 
should be noted that this is, in itself, a commercially valuable improvement to the reactive deposition 
process, independent of any impact on conformal coverage. 
The GAXRD patterns given in Figure 8.16 show Al2O3 deposited at Vb values of 0, -223, - 334 and -445 
V. In all cases it is clear that the Al2O3 film deposited is amorphous, showing that the structural form 
does not change with substrate bias. 
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Figure 8.14: Glancing angle X-ray diffraction (GAXRD) patterns of remote plasma sputtered  
Al films deposited with a substrate bias of 0, -90 and -134 V 
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Figure 8.15: A plot of the deposition rate as a function of substrate bias for the deposition of Al2O3 
 
Figure 8.16: Glancing angle X-ray diffraction (GAXRD) patterns of the remote plasma sputtered  
Al2O3 deposited with a substrate bias of 0, -223, -334 and -445 V 
8.3.4 Summary 
It is evident from the OES and deposition rate data that remote plasma sputtering is inherently an 
IPVD process, which does not require an additional plasma source, and together with Ar ion 
bombardment the use of substrate bias can be used to influence the growing film. Despite the plasma 
being magnetised, the data confirms that electrons are only noticeably confined by the magnetic field 
when there is no applied electric field.  Although the electron path length increases as a result of 
motion orthogonal to the magnetic field direction, with consequent increased potential for scattering 
collisions, the mobility of the electrons in response to applying a positive electric field at the substrate 
is sufficient to permit the use of standard plasma bias techniques with remote plasma sputtering, a 
fact that was previously uncertain. The ability to do this has commercial benefits beyond the scope of 
this thesis. 
0
5
10
15
20
25
-550-400-250-100
D
e
p
o
si
ti
o
n
 R
at
e
 (
n
m
/m
in
)
Substrate Bias (V)
0
100
200
300
400
500
600
700
800
15 25 35 45 55 65 75
C
o
u
n
ts
 (
a.
u
.)
2Ɵ (deg.)
-445 V
-334 V
-223 V
0 V
Implementation of Ionised PVD and Substrate Bias     
190 
 
For lower substrate bias voltages, a significant increase in deposition rate is observed for both Al and 
Al2O3 due to the attraction of sputter flux ions. At a substrate bias of -90 V for Al and -300V for Al2O3 
the deposition rate reaches a maximum, with a near doubling of deposition rate in the case of Al2O3. 
At higher substrate bias voltages the deposition rate decreases as a result of the re-sputter rate 
increasing. These results suggest that substrate bias could potentially be used re-sputter the coating, 
allowing surfaces that are ‘shadowed’ from the target material source to be coated and providing a 
mechanism to encapsulate particulates. This will be explored in Section 8.4.  
8.4 Coating Particulates 
8.4.1 Introduction 
To determine if substrate bias could be used in barrier layer applications to improve the WVTR by 
encapsulating particulates to reduce the effects of moisture and oxygen ingress, it was essential that 
all substrates be subject to the same level of particulate contamination. As control of ambient 
contamination could not be realistically achieved, it was decided that a much higher level of 
particulate contamination should be universally applied to all substrates; this would have the added 
benefit that visual microscopic comparison of samples would be more readily achieved due to the far 
higher number of defects within the field of view. This technique and its results are reported in the 
following sections. 
8.4.2 In-house Permeation Test for Coating Particulates 
The Al pads of the usual permeation test pieces previously described in Section 6.4 were heavily 
contaminated with particulates by pouring TiO2 powder of nominal particle size 0.3 µm (but including 
agglomerations in the several micron (µm) size range) over the Al pad and blowing the surface with 
compressed N2 gas to even the distribution of particulates on the surface. An optical microscope image 
of the particulates remaining on the Al pad is shown in Figure 8.17. Comparison of multiple samples 
prepared in this way confirmed that this technique delivered a similar level of particulate 
contamination on the substrates,  greatly increasing the number of particulates that would typically 
be found on a substrate and thereby rendering the more variable ‘ambient’ contamination 
unimportant. 
Implementation of Ionised PVD and Substrate Bias     
191 
 
 
Figure 8.17: An optical microscopy image of an Al pad contaminated with TiO2 powder 
Al2O3 thin films (200 nm) were then deposited at 0 V and -445 V (a value at which re-sputtering is 
occurring) substrate bias onto both non-deliberately contaminated Al pads and heavily contaminated 
Al pads. Including a bare Al pad control sample, 5 samples were produced (details below) which were 
subjected to 85 % RH at 80 °C in the in-house permeation tester: 
A control sample (bare Al pad)  
Al2O3 layer with 0 V substrate bias on a non-deliberately contaminated Al pad 
Al2O3 layer with 0 V substrate bias on a heavily contaminated Al pad 
Al2O3 layer with -445 V substrate bias on a non-deliberately contaminated Al pad 
Al2O3 layer with -445 V substrate bias on a heavily contaminated Al pad  
Figure 8.18 displays photographs of the 5 samples on a light box after exposure in the environmental 
chamber for (a) 0 minutes (b) 5 minutes (c) 10 minutes (d) 20 minutes and (e) 60 minutes. 
After 5 minutes of testing the Al pad with no barrier layer (control sample) had fully oxidised to 
aluminum oxide, as shown by the optically transparent glass slide in Figure 8.18b. The Al2O3 layers 
deposited with 0 V and – 445 V onto the non-deliberately contaminated Al pad had not failed after 60 
minutes of testing. Comparing the Al2O3 deposited on both heavily contaminated Al pads, it is clear 
that the Al2O3 films deposited with 0 V failed as a barrier layer as the Al pad began to oxidise after 10 
minutes and continued to oxidise throughout the 60 minutes of testing. For the Al2O3 deposited at -
445 V on the heavily contaminated Al pad after 20 minutes of testing, the Al pad remained unaltered, 
1 mm 
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implying that Al2O3 deposited at a bias voltage of -445 V has possibly encapsulated the particulates, 
thereby reducing the ingress of moisture. However, after 60 minutes of testing small transparent spots 
appeared on the Al pad for this barrier layer. It is speculated that encapsulation is failing for the larger 
sized TiO2 particulate agglomerations present on the sample. 
Figure 8.18: Photographs of Al2O3 layers deposited onto an Al pad which were either non-deliberately contaminated 
(clean) or heavily contaminated by TiO2 particulates.  The barrier layers were tested in the environmental chamber 
held at 85% RH at 8 0°C, for (a) 0 minutes, (b) 5 minutes, (c) 10 minutes, (d) 20 minutes and (e) 60 minutes. The 
control sample is a bare Al pad with no barrier layer. (The blue appearance of the Al2O3 -445 V sample is not a true 
representation and is an artefact from imaging) 
 
The optical transmission at a wavelength of 550 nm was measured (Figure 8.19) for the heavily 
contaminated pads with Al2O3 deposited with no bias and -445 V bias over 40 hours. After 40 hours, 
the optical transmission for the test piece with Al2O3 deposited with no bias increased to 40%, whereas 
the test piece with Al2O3 deposited with -445 V bias remained unaltered (only small spots were 
present). It can be concluded that, by using a technique which greatly amplifies the quantity of 
particulates expected in industrial production conditions (by several orders of magnitude), the in-
house permeation test screening test has shown that substrate bias can be used to encapsulate 
particulates to reduce the effects of oxygen and moisture ingress.   
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Figure 8.19: Optical transmission (at 550 nm) of control sample plus heavily contaminated Al pads with Al2O3 
deposited with no bias and -445 V bias tested in the environmental chamber for 40 hours 
8.4.3 Imaging Coated Particulates 
In an attempt to visually confirm that the particulates were being conformally coated, a focussed ion 
beam (FIB) was used to generate a cross section through a coated particulate. The resulting FIB-SEM 
images of cross sections through different particulates are shown in Figure 8.20 (0 V substrate bias 
coating) and Figure 8.21 (-445 V substrate bias coating). A protective Pt layer was deposited on the 
area of interest to protect the sample underneath from being sputtering by the focused ion beam. 
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Figure 8.20: SEM image of a FIB etched cross section through a particle coated in Al2O3, deposited at 0 V 
substrate bias  
 
Implementation of Ionised PVD and Substrate Bias     
194 
 
  
 
The FIB images are not sufficiently clear to conclusively state that use of substrate bias leads to 
conformal coating of the particulates, though this is suggested in Figure 8.21. Consequently, it was 
decided to fabricate structures to imitate the shadowing effect of particulates and coat the surfaces 
of these structures. 
8.5 Formation of Structures to Imitate the Presence of Particulates 
8.5.1 Introduction 
To determine the ability of substrate biasing to encapsulate particulates through re-sputtering and 
therefore coating of the undercut/shadowed region, a structure which is reproducible and imitates 
the particulate form was required to enable direct comparison of the effects of different processing 
conditions. This ideally would also be a linear feature, to allow simple cross sectioning of the sample, 
eliminating the need for FIB. A number of 3D structures with undercuts were created and tested, as 
described in the sections below. 
8.5.2 Formation of Structures  
Initially, photolithography was utilised to create photoresist tracks with ~ 1 µm sized undercuts. To 
determine if re-sputtering could be utilised to coat the under of the undercuts an Al layer (100 nm) 
Protective layer 
Al2O3 film Particle 
Substrate 
Protective layer 
Al2O3 film 
 
Substrate 
Figure 8.21: SEM image of a FIB etched cross section of particle coated in Al2O3, deposited at -445 V substrate bias 
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was deposited at -134 V substrate bias onto the structure (cross sectional SEM image Figure 8.22). It 
is apparent from this image that the photoresist has deformed during the deposition process and 
hence the overhang has collapsed, therefore this quick and simple method of simulating particulate 
shadowing was deemed unsuitable.  
 
 
As the photoresist was deforming and the overhang feature was collapsing due to plasma damage a 
more rigid structure was needed to determine the degree of conformal coverage. Using both wet and 
dry etching techniques the author developed and fabricated the structure shown in Figure 8.23 using 
the follow 7 steps: 
1. Deposit > 1 µm of Si3N4 on to a Si wafer (at PQL) 
2. Spin photoresist on Si3N4  
3. Expose through a mask with 10 µm trenches 
4. Develop 
5. Use the Reactive Ion Etcher (RIE) to anisotropically etch Si3N4 
6. Wet etch the Si isotropically 
7. Remove the photoresist 
Figure 8.23: Schematic diagram of the expected structures for conformal coverage 
 studies fabricated using the process steps described in this section  
Photoresist 
Deformed overhang 
Al2O3 coating 
Substrate 
Al2O3 coating 
Figure 8.22: Cross sectional SEM image of an Al layer deposited onto the patterned  
photoresist using a substrate bias of  -134 V 
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As etching was a new technique to the research work, many attempts were needed to perfect the 
fabrication process for this structure. The evolution of this process is shown in  Table 8.2.  
 Table 8.2: Attempts to fabricate 3D structures for conformal coverage studies 
Attempt Method SEM Image 
 
 
 
 
     1 
For the RIE used CF4 and Ar 
(normally use O2 but cannot select this option on 
RIE system- due to the setup of gases) 
For wet etch used KOH 
 
- RIE at 60 mT at 40W for 15 minutes  
- KOH wet etch for 2 minutes 
 
Result: 
The Si has not been sufficiently etched  
 
 
 
 
 
     2 
Increased wet etch time to 15 minutes 
 
- RIE at 60 mT at 40W for 15 minutes 
- KOH wet etch for 15 minutes 
  
 
Result: The Si has etched but the SiNx has not 
etched vertically 
 
 
 
 
 
      3 
For a more line of sight RIE etch - reduce 
pressure and increase power.  
(Did not attempt the wet etch for this attempt) 
- RIE at 40 mT at 70W for 15 minutes 
 
Result: 
Reduced slope on the SiNx, but resulted in very 
rough surface 
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     4 
Decrease  RF power 
(Did not attempt the wet etch for this attempt) 
 
- RIE at 40 mT at 40 W for 25 minutes 
 
Result: 
Vertical SiNx walls, however need to increase in 
the RIE 
 
 
 
 
 
      5 
Double RIE time 
(Did not attempt the wet etch for this attempt) 
 
- RIE at 40 mT at 40 W for 50 minutes 
 
Result: 
Vertical SiNx walls, etched Si slightly  
 
 
 
 
 
 
     6 
Wet etch with KOH  
 
- RIE at 40 mT at 40 W for 50 minutes. 
- Wet etch with KOH (10 wt. %) at 70 °C for 15 
minutes 
 
Result: 
Not isotropic etching  
 
 
 
Reviewing the literature revealed that isotropic etching of Si is achieved through a mixture of HF and 
Nitric Acid (260). The HF and nitric acid should be diluted in water or acetic acid (HNA) solution, also 
known as CP4. Cross sectional images of the sample wet etched for 3 minutes using a solution of 
HF:Nitric Acid:DI Water (2:25:25) are displayed in Figure 8.24.  
The final methodology to fabricate structures to imitate particulate shadowing was as follows: 
1. Deposit 1.1 µm of Si3N4 onto Si 
2. Spin photoresist, pattern 10 µm trenches and develop.  
3. Anisotropically etch Si3N4 using RIE at 40 mT (CF4 and Ar) at 40 W for 50 minutes. 
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4. Isotropically wet etch for 3 minutes using HF:Nitric Acid:DI Water (2:25:25) to produce 1 µm 
undercut features. 
Figure 8.24:Cross sectional SEM images of structures fabricated for conformal studies. For both samples, Si3N4 has 
been etched using RIE and Si isotropically etched in HF:Nitric Acid:DI Water (2:25:25) for  3 minutes 
8.5.3 Coating Complicated Architectures  
Using the same deposition parameters as described in Section 8.3.2, Al films with a thickness of 200 
nm were deposited onto the structures shown in Figure 8.24 using a substrate bias of 0 V and – 134 
V. Fracture cross sectional SEM images of both samples are shown in Figure 8.25. The SEM images of 
the Al deposited at 0 V show that no coating has been deposited in the undercut regions, hence only 
line-of-sight deposition has occurred under these conditions. The SEM images for Al deposited with -
134 V substrate bias show the clear presence of a film deposited on the undercut regions. EDX Al 
mapping of the 0 V and -134 V samples are shown in Figure 8.26. No high Al intensity can be observed 
on the undercut region of the 0 V sample, but for the -134 V sample a high intensity Al signal can 
clearly be seen for the undercut region on the right hand side of the structure. These results confirm 
that re-sputtering of Al can be achieved with – 134 V substrate bias and be utilised to coat the 
underside of the undercut features. 
Although proven successful with a metallic layer (Al), it was unclear if re-sputtering could lead to 
conformal coverage with a metal oxide (transparent barrier layer material). Based on the results given 
in Section 8.3.3, Al2O3 was deposited onto the 3D structures at substrate biases of 0, - 267 and -445 V 
using the deposition conditions described in Section 8.3.3. The previous EDX Al maps (Figure 8.26) 
were obtained from a fracture cross section, but fracturing the sample often results in edge effects 
leading to poor resolution mapping. To improve the quality of the EDX maps, the three Al2O3 coated 
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structures were mounted in Bakelite, ground and polished to provide the cross sectional SEM images 
and EDX elemental maps shown in Figure 8.27.  
 
 
 
 
Figure 8.25: Cross sectional SEM images of Al deposited on undercut structures 
 deposited at (a) (b) 0 V and(c) (d) -134 V substrate bias 
 
Figure 8.26: EDX Al maps of fractured cross sections from the Al coated undercut structures 
 deposited at (a) 0 V and (b) -134 V substrate bias. The Al deposited with no substrate bias 
 displays line of sight deposition, as no coating has been deposited in the undercut regions. 
 At a substrate bias of -134 V, the presence of Al is evident on the right undercut 
 
(a)             (b)   
 
 
 
  
 
(a) (b)  
 
 
 
 
 
 
 
 
      (c)       (d) 
  
 
(a)                                                                         (b)
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At substrate bias values of 0 and -267 V, the SEM images and EDX Al and O maps in Figure 8.27 are 
consistent with primarily line-of-sight deposition for the Al2O3 layer with no discernible deposition of 
the film on the underside of the overhanging structure. Increasing the substrate bias to – 445 V it is 
evident from both the SEM images and EDX maps that a significant amount of Al2O3 has been 
deposited on the surface of the undercut feature (> 40 nm). The higher substrate bias voltage (-445 
V) draws in increased ionised flux and more strongly promotes re-sputtering of Al and O compared to 
the lower substrate bias voltage. 
 
Figure 8.27: Cross sectional SEM images with corresponding Al and O EDX maps of Al2O3 deposited onto 3D 
structures at substrate biases, Vb = 0 , -267 and -445 V. (a) SEM images; (b) Al EDX images; (c) O EDX images;  
(d) Overlay of Al and O EDX images 
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8.5.4 Summary 
Three-dimensional structures have been fabricated to imitate the shadowing created by particulates. 
Through biasing the substrate in a remote plasma system, it has been conclusively shown that using a 
suitable bias voltage results in re-sputtering of the deposited coating (for both Al and Al2O3) leading 
to improved conformal coverage of the 3D structure. Hence, such process parameters allow surfaces 
that are ‘shadowed’ from the target material source to be coated and potentially provides a 
mechanism to conformally cover particulates present on surfaces, eliminating a major source of 
barrier layer defects. 
8.6 Coating 5:1 Aspect Ratio Structures 
The IPVD nature of the remote plasma sputtering technique and the use of substrate bias to 
conformally coat surfaces was an important new development and the extent to which the technique 
could be applied to irregular surface structure was unknown. Therefore, a comprehensive additional 
set of trials was conducted to test the combined IPVD and re-sputtering capability of the remote 
plasma sputtering technique to conformally coat high aspect ratio trenches, as these provided a more 
demanding test of the coverage properties than the shallow overhang structures.  
5:1 aspect ratio structures fabricated from a multi-component metallic alloy with metal coated 
trenches (details commercially sensitive) were made available from other PQL work for these trials. A 
cross sectional SEM image of the bare substrate mounted in Epofix, then ground and polished is 
displayed in Figure 8.28.  
Figure 8.28: Cross sectional SEM image of a 5:1 aspect ratio Si structure, mounted in Epofix 
Al2O3 thin films were deposited onto the 5:1 structures with the same conditions described in Section 
8.3.3 with substrate biases, Vb = 0, -223, -245, -267 and -334 V. SEM images and EDX elemental maps 
100 µm 
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of the coated substrates are shown in Figure 8.29 (top of the trench) and Figure 8.30 (bottom of the 
trench). For Al2O3 deposited with Vb = 0  and -223 V, the film is substantially thicker on the top and 
bottom of the trenches, with a film thickness on the vertical side walls being approximately 20 % of 
that on the horizontal surfaces. For Al2O3 deposited with the highest substrate biases, Vb = -267 and -
334 V, the coating is predominantly present on the side walls, with very little or no coating observed 
on the top surface. At this high Vb, excessive re-sputtering is occurring on the horizontal surfaces, 
resulting in the film being mostly or only deposited on the side walls. Hence, by varying the bias 
between 0 and -334 V, the thin film can be preferentially deposited on the horizontal or vertical planes. 
Using an intermediate value of bias, Vb = -245 V, a relatively even conformal coverage on both the 
horizontal and vertical surfaces can be achieved. Deposition either side of -245 V (at -223 V and -267 
V) showed a high process sensitivity for this condition, with consequent non-uniformity when applied 
to the full system substrate (100 mm diameter) due to the lack of substrate rotation. 
A more controllable method was therefore investigated in which the substrate bias was held at -223 
V for the first half of the deposition and then increased to -267 V for the second half of the deposition. 
Ideally the bias would be alternated continually throughout the deposition but in the current setup 
this was not possible as it would require the implementation of automatic control. Vb = -223 V will 
cause preferential coverage of the horizontal surfaces and Vb = –267 V preferential coverage of the 
vertical surfaces. The result of this deposition is shown in Figure 8.31. Although the conformal 
coverage does not display a uniform thickness on both the horizontal and vertical surfaces, the film 
deposited on the sidewalls was found to exhibit a more uniform thickness over the whole structure, 
an important attribute for commercial application of the technique. Figure 8.32 presents a larger field 
of view of the EDX Al image, shown for clarity, demonstrating the overall conformal coverage of the 
sample. 
It was necessary to terminate deposition activity at this time, with the end of the experimental period 
being reached. Though the results already show that the substrate bias technique has great potential 
for improvement of barrier layer properties (and other applications), further variation of the process 
parameters (including substrate rotation) should enable optimisation and further improvements to be 
made in the total uniformity of the conformal coating on such high aspect ratio structures. 
Implementation of Ionised PVD and Substrate Bias     
203 
 
                    
                                     
                                     
                                     
                                  
 
 
          0 V                   -223 V                            - 245 V                             - 267 V                             -334 V   
   
  
(a) 
 
(b) 
 
 
(c) 
 
(d) 
Figure 8.29: Cross sectional SEM images with corresponding Al and O EDX maps of Al2O3 deposited onto the top of the 5:1 aspect 
ratio structures at substrate biases, Vb = 0 , -245  and -334 V. (a) SEM images; (b) Al EDX images; (c) O EDX images; (d) Overlay of 
Al and O EDX image 
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Figure 8.30: Cross sectional SEM images with corresponding Al and O EDX maps of Al2O3 deposited onto the bottom of 5:1 aspect 
ratio structures at substrate biases, Vb = 0 , -245  and -334 V. (a) SEM images; (b) Al EDX images; (c) O EDX images; (d) Overlay of Al 
and O EDX images 
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Figure 8.31: Cross sectional SEM images with corresponding Al and O EDX map of Al2O3 deposited onto the top and 
bottom of 5:1 aspect ratio structures in which the substrate bias was alternately switched between -223 and -267 V 
 
Figure 8.32 Cross sectional Al EDX image of Al2O3 deposited onto 5:1 aspect ratio structures in which the substrate 
bias was alternately switched between -223 and -267 V 
8.7 Deposition onto Polymeric Substrates with Substrate Bias 
If substrate bias is to be used to conformally coat particulates in a commercial barrier film application, 
then a substrate bias must be applied to a polymer substrate. Based on earlier re-sputtering work for 
Al2O3 deposited onto planar surfaces (Section 8.3.3), a voltage of – 445 V was used for this section of 
work. It should be noted that the 5:1 structures reported above only required lower voltage as a result 
of the non-planar topography features of this sample. 
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Depositing a layer onto polymeric substrates e.g. PEN/PET by remote plasma sputtering without 
substrate bias deposition does not require substrate cooling. However deposition onto polymeric 
materials becomes very difficult when using a high substrate bias e.g. -445 V (without water cooling) 
as the temperature should not exceed the glass transition temperature for the PEN, 121 °C (261). For 
the depositions described above onto the undercut and high aspect ratio structures, the substrate 
table was fitted with compressed air cooling, this being adequate for that work. For the polymeric 
substrates this was then modified to provide improved water cooling. Testing showed that a 
temperature sensor fixed directly to the water cooled substrate table for a 10 minute deposition of 
Al2O3 (117 nm) with -445 V substrate bias did not exceed 43 ⁰C during a coating run. At this 
temperature, PEN would survive the deposition process. Hence a PEN substrate suitable for MOCON 
testing (10 x 12 cm) was fixed with Kapton® tape to the water cooled substrate table. Al2O3 was 
deposited for 10 minutes (117 nm) with a substrate bias of -445 V. Inspection of the coated substrate 
(Figure 8.32a) showed that the polymeric substrate had deformed in the middle of the substrate 
suggesting the polymer had expanded during deposition and lost good thermal contact. To improve 
the thermal contact, the substrate was affixed to the water cooled substrate table using a small 
amount of silver epoxy placed in the centre of the substrate, pictured in Figure 8.32b, in addition to 
the Kapton® tape. Although this improved the thermal contact, deformation of the polymer was still 
evident. 
Figure 8.32: P.PEN with a 117 nm thick film Al2O3 deposited using a substrate bias of -445 V and fixed to a water 
cooled substrate table with (a) Kapton® and (b) Kapton® (Kapton® has been removed from the substrate at the 
time of photograph) plus additional silver epoxy (in the centre of the substrate) to improve the thermal contact 
Improving the thermal contact would be less problematic in a roll-to-roll system as the PEN could be 
flexed in tension over a water cooled drum. However, it was considered that there was no easy, cost 
effective method to develop a jig to retain the PEN substrate in tension with good thermal contact to 
the flat 6” substrate table. To overcome this problem, carbon sticky pads which could be easily 
removed before MOCON testing were used to improve the thermal contact. Consequently, in addition 
(a)        (b) 
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to Kapton® tape, 7 carbon sticky pads were placed on the back of the substrate in contact with the 
water cooled substrate. Figure 8.33a shows the results after a longer deposition of 20 minutes of Al2O3 
at a substrate bias of -445 V. The area of polymer substrate closest to the PLS has been substantially 
deformed. The substrate table was moved 5 cm away from the PLS (outside the visual plasma glow 
region). Although moving the substrate away from the PLS reduced the polymer deformation, pictured 
in Figure 8.33b, it did not eliminate it completely. The process was still unusable for MOCON testing 
and the substrate table was reverted back to its original position. 
 
Figure 8.33: P.PEN with 234 nm thick film of Al2O3 deposited at a substrate bias of -445 V and fixed to a water cooled 
substrate table with Kapton® plus additional carbon sticky pads to improve thermal contact (a) close to PLS, (b) 
further from PLS 
Further experiments with the temperature sensor attached to the polymer substrate indicated that 
the polymer deformation was possibly due to ion bombardment, rather than lack of thermal contact 
to the water cooled substrate, especially as the sputtering threshold of a polymer is lower than even 
pure metal (262). From the results presented in Section 8.3.3 (Figure 8.15) the onset of re-sputtering 
occurred above -300 V for Al2O3 and therefore the inclusion of a thin coating of Al2O3 deposited with 
no bias was envisaged as a way of providing a protective coating to the polymer from the initial ion 
bombardment. Although the re-sputter threshold for Al2O3 is below the -445 V bias used in the 
deposition, the re-sputter rate (clearly) does not exceed the sputter rate and if the initial Al2O3 layer 
is sufficiently thick, the polymeric layer would be protected from undesirable ion bombardment. 
Therefore, to protect the polymeric surface, a thin layer of Al2O3 (without substrate bias) was 
deposited prior to the application of substrate bias. Figure 8.34 shows P.PEN substrates coated with 
Al2O3 (50 nm) deposited without substrate bias followed by Al2O3 (150 nm) at -445 V substrate bias. 
In this case, no deformation of the polymer can be seen. The same process was repeated without the 
carbon sticky pads, also producing a sample with no apparent deformation. The process was repeated 
(a)                                                                                       (b) 
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for -267 V and a control sample of 0 V bias (pictured in Figure 8.35); all samples showed no visual 
deformation of the polymer, hence were suitable for MOCON testing. The WVTR meaurements were 
conducted at RDM using a test temperature of 37.8 °C and RH of 85 %. Each sample was also sent with 
a duplicate, as is necessary for MOCON testing. The results from these tests are presented in   8.3. 
The application of substrate bias of -445 V, compared to a film deposited under the same process 
conditions without substrate bias improves the WVTR by an order of magnitude, from 6 x 10-1 
g/m2/day to 6 x 10-2 g/m2/day. This is the lowest WVTR achieved by remote plasma sputtering 
measured using MOCON. Perhaps more critically, the results show a progression to improved WVTR 
as substrate bias is increased, strongly supporting the proposal that it is the increasingly effective 
encapsulation of defects resulting from improving conformal coverage that is responsible for the 
improvements. Hence, the concept of using of substrate bias to re-sputter material from the growing 
film to conformally cover the particulates present on the substrate surface, even at this early stage of 
development, appears successful in improving the WVTR.  
Figure 8.34: Al2O3 (200nm) layer deposited on P.PEN with 50 nm Al2O3 without substrate bias followed by 150 nm of 
Al2O3 deposited at -445 V substrate bias fixed to a water cooled substrate table with Kapton® plus additional carbon 
sticky pads to improve thermal contact 
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Figure 8.35: Three Al2O3 (200nm) samples on P.PEN sent off for MOCON all deposited with 50 nm Al2O3 without 
substrate bias followed by 150 nm of Al2O3 deposited at 0, -267 and -445 V substrate bias 
From the results presented in Section 8.6, it is anticipated that for remote plasma sputtered barrier 
layers, continuous switching between a low bias and a high bias (dual biasing) throughout the 
deposition would achieve a better coverage of the particulates and could improve the WVTR further. 
Further variation of the process parameters is expected to enable optimisation and further 
improvements to be made to the total uniformity and effectiveness of the conformal coating of the 
particulates, however due to the experimentation phase having ended, this was not implemented. 
  8.3: WVTR results for 3 Al2O3 (300nm) samples on P.PEN sent off for MOCON all deposited with 50 nm Al2O3 without 
substrate bias followed by 0, -267 and -445 V substrate bias 
 Water Vapour Transmission Rate (g/m2/day) 
Replicate #1 Replicate #2 Average 
0 V 9.9 x 10-1 3.0 x 10-1 6.4 x 10-1 
0 V followed by -267 V 1.4 x 10-1 1.5 x 10-1 1.5 x 10-1 
0 V followed by -445 V 6.1 x 10-2 7.2 x 10-2 6.7 x 10-2 
 
8.8 Discussion 
Based on the experience of this work, it was realised that the issue of airborne particulates would be 
exacerbated in a typical production environment. In literature the best WVTR reported for single layer 
film is by ALD (121), and it is thought this is due to the high degree of conformal coverage achieved by 
this technique. Any particulates (i.e. dust or anti-block particles) or topographical features (e.g. OLED 
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structures) present on the substrate can, in principle, be conformally coated by the ALD coating, 
whereas conventional sputtering is typically line-of-sight, resulting in a pinhole. However ALD is 
currently an unproven production technology. This work has therefore originated the development of 
a production ready remote plasma sputter technology to imitate the conformal coverage achieved by 
ALD, through the use of substrate bias.  
For both a metallic and reactive process it has been shown that a low substrate bias attracts a higher 
sputter flux (up to 80 % for Al2O3) to the substrate and that at higher substrate bias re-sputtering 
occurs. 3D structures have been produced to show that re-sputtering of the film allows surfaces that 
are ‘shadowed’ from the target material source to be coated and provides a mechanism to conformally 
cover 3D surfaces such as particulates, replicating the effect of the ALD process. 
Conformal coverage of complicated topographical features and high aspect ratio structures are of 
great importance in many micro- and nano- systems. As a further test of capability, this work reported 
the use of substrate bias to control direction and kinetic energy of the ionised sputter flux to uniformly 
coat 5:1 (height:width) aspect ratio trenches. For the deposition of Al2O3 onto 5:1 aspect ratio 
structures it has been shown that through control of the substrate bias the coating thickness on the 
vertical and horizontal planes can be varied. For low or zero substrate bias the majority of the coating 
will deposit on the horizontal planes. Employing a substrate bias > -267 V results in the majority of the 
coating being deposited on the side walls. This occurs through the attraction of ionised sputter flux 
and re-sputtering of the thin film on the horizontal surfaces due to ion bombardment. It has been 
shown that by alternating the substrate bias between -222 and -267 V, with a 50 % residence time at 
each voltage, conformal coverage of 5:1 aspect ratio structures can be achieved. It is expected that 
further optimisation of the process parameters will lead to a uniform film thickness on all surfaces of 
high aspect ratio structures.  
The in-house permeation test was utilised to determine if the influence of substrate bias could 
completely encapsulate particulates that remain after cleaning. By using a technique which greatly 
amplifies the quantity of particulates expected in industrial production conditions (by several orders 
of magnitude), the in-house permeation test showed that substrate bias could be used to encapsulate 
particulates to reduce the effects of oxygen and moisture ingress. 
Although polymeric materials are readily compatible with a remote plasma sputtering process without 
substrate bias the initial depositions onto polymeric substrates using substrate bias resulted in 
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deformation of the polymer.  Subsequent experimentation revealed the deformation was not a result 
of heating but was caused by ion bombardment. The work here has shown that the delicate 
(polymeric) substrates can be protected from ion bombardment through the deposition of a thin initial 
layer with no substrate bias applied. Hence, on application of the bias, ion bombardment and re-
sputtering occurs from the initial Al2O3 layer and the polymer substrate is protected, allowing 
conformal coverage of polymeric and organic material based structures. This is the first report of the 
successful use of substrate bias during deposition in conjunction with polymeric substrates in a remote 
plasma system.  
The application of substrate bias improved the WVTR by an order of magnitude, from 6 x 10-1 g/m2/day 
to 6 x 10-2 g/m2/day, although this value falls below the value required for OPV (10-4 g/m2/day) and 
OLED (10-6 g/m2/day) these were the very first WVTR results using substrate bias. As the substrate bias 
work was conducted at the end of the EngD work, further optimisation is required, and it is anticipated 
that a dual voltage technology (continuous switching between a low bias and a high bias throughout 
the deposition (Section 8.6)) would achieve a better coverage around the particulates, and hence 
improve barrier performance. The use of dual voltage substrate bias is relatively straight forward to 
implement in production. This could be achieved through low frequency ( ~ 1 Hz)  pulsing of the surface 
of the system ‘coating drum’, around which the web material passes in a typical system. However, this 
may neither be the only or optimum way of achieving that and significant further research, both 
literature and practical, is required to identify the best solution. 
A further initial literature review has revealed that substrate bias has been previously utilised in 
magnetron sputtering to improve barrier properties, however the low powers used -40 V (TiOxNy on 
PET with WVTR of 9.8 10-1 g/m2/day (130)) and -50 V (Si-Zn-O on PI 2.5 x 10-2 g/m2/day (144)) to obtain 
better barrier performance indicate an improvement due to increased densification as opposed to 
conformal coverage of particulates. Due the remote plasma, PQL’s technology already inherently 
provides densified films and the improvements seen with conformal coverage may be unique at this 
time. A more in-depth literature review is needed to fully explore this aspect, though at this time there 
appear to be no papers specifically dealing with the use of re-sputtering techniques on polymeric 
substrates. 
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8.9 Summary 
The results presented in this Chapter have shown that remote plasma sputtering is inherently an IPVD 
process, which does not require an additional plasma source, and together with Ar ion bombardment 
the use of substrate bias can be used to influence the growing film. These are the first results regarding 
the IPVD nature of the sputter flux and the subsequent utilisation of this property in conjunction with 
substrate biasing to influence film growth for remote plasma sputtering. This work has led PQL to a 
considerable improvement and re-evaluation in their understanding of their process at a more 
fundamental level, which in turn has led to PQL doubling the efficiency of their plasma source.  
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9.1. Introduction 
Moisture barrier layers are an increasingly critical component part of developing organic material 
based products, particularly those aimed at low cost and lightweight consumer applications. In order 
to realise fully flexible lightweight devices an ultra-high barrier layer is required to protect the organic 
active components from degradation from moisture and oxygen. For OLED devices the reported WVTR 
required is 10-6 g/m2/day. The best reported value for a single sputtered layer is 1 x 10-2 g/m2/day. 
Films deposited by ALD are able to achieve a much lower WVTR (~ 1 x 10-5 g/m2/day) however the 
application of this technique in production is yet unproven. Achieving comparable results using more 
mature and (production proven) sputter technology, allows the manufacturers to build upon many 
decades of high volume production experience, as well as using pre-existing facilities. 
The aim of this work was to develop and apply the PQL remote plasma sputter technology to deposit 
single and multi-layer barrier films to prevent the ingress of moisture or oxygen in organic based 
optoelectronic applications. To achieve this, it was important to understand the key parameters and 
underlying material properties impacting on the barrier performance of remote plasma sputtered thin 
films.  The knowledge gained in this study has led to the development of an improved fundamental 
understanding of the remote plasma sputtering process and how it can be improved and utilised to 
produce thin films with enhanced properties, not just for barrier layers, but thin film coatings in 
general. This chapter will state the main conclusions of the work and recommend directions for further 
study. 
9.2 Conclusions 
1. Remote plasma sputtering delivers coatings that have been assessed by SEM, EDX, XRD, AFM 
and STEM to be theoretically ideal moisture barrier layers i.e. they are amorphous, dense and 
exhibit no columnar growth. 
 
2. The WVTRs measured by Mocon for the remote plasma sputtered coatings were all greater 
than 1 x 10-1 g/m2/day at 38 °C and 85 % RH, which is an order of magnitude higher than 
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typically reported for best sputtered single barrier layers, indicating the presence of defective 
structure not apparent from the materials characterisation results. 
 
3. Thin films incorporating ‘getter’ materials in the form of Ti layers and sub-stoichiometric SiOx 
layers were also deposited, in an attempt to absorb any moisture permeating through the 
film, increasing the lag time and potentially improving at least short term performance. These 
did not improve barrier properties, yielding WVTRs of 1.3 x 10-1 g/m2/day at 38 °C and ~ 85 % 
RH. 
 
4. Techniques associated with modifying the deposition conditions to further densify the barrier 
films and disrupt defect propagation were implemented. These included the use of plasma 
interruptions and re-structuring of the growing film. STEM cross sections of the plasma 
interrupted films indicated that exposure to the plasma (with no material growth) at intervals 
during the film deposition does lead to increased density of the film at these regions within 
the barrier layer. However, with WVTRs of 1 x 10-1 g/m2/day at 38 °C and ~ 85 % RH this proved 
unsuccessful in improving the barrier performance.  
 
5. An in-house permeation moisture test was established to rapidly scan new barrier layer 
structures and compositions for potential barrier properties, with the advantage that localised 
large scale and microscopic defects could be identified, unlike the Mocon measurement. The 
test was based on DeGroot’s screening methodology derived from the standard Ca test and 
comprised of a thin Al film deposited on glass encapsulated with the potential barrier layer 
for testing. The sample was subjected to accelerated exposure testing (80 °C and 85 % RH) 
and the degradation of Al measured for rapid determination of performance. This test was 
found to be a successful method of screening new barrier layers. 
 
6. Through the use of higher quality polymer substrates and minimising of airborne particulates, 
an order of magnitude WVTR improvement was observed (1.70 x 10-2 g/m2/day). This is the 
best WVTR performance for a single barrier film deposited by remote plasma sputtering and 
is evidence that particulates and surface asperities are a primary source of defects.  
 
7. In a large area, high throughput production environment it is very difficult to prevent the 
growth of a single defect over large areas (e.g. 100 cm2). Therefore a process for the remote 
plasma deposition of a fluorocarbon layer was investigated as a potential means to bury 
particulates and planarise the surface prior to the deposition of SiO2; this is the first polymeric 
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layer deposited by remote plasma sputtering. XPS analysis showed the fluoropolymer layer to 
be formed of different C-F fragments. Adhesion of these layers was improved through plasma 
treatment. Large thermal mismatch of the inorganic/organic during accelerating test resulted 
in adhesion issues, rendering the technique unsuitable for the intended purpose. 
 
8. Studies of the remote plasma system showed that it both inherently delivered an IPVD process 
and was compatible with bias re-sputtering of substrates. Thus, RF substrate bias to re-sputter 
material from the growing film to coat surfaces ‘shadowed’ from the target material was 
implemented to potentially encapsulate surface particulates and seal associated permeation 
paths. SEM/EDX cross sections of in-house grown substrates with overhanging features 
showed that using a substrate bias of -445 V for Al2O3, the underside of such features can be 
coated, leading to the potential to encapsulate particulates present on surface of barrier films.  
 
9. Surfaces which had been deliberately contaminated with a high density of particulates and 
subsequently coated with a 200 nm thick Al2O3 barrier layer showed improved performance 
compared to barrier layers deposited without substrate bias in the in-house permeation test. 
An order of magnitude improvement in WVTR (6.7 x 10-2 g/m2/day at 38 °C and 85 % RH) was 
measured for initial Al2O3 coatings deposited with a substrate bias of -445 V and is expected 
to improve with development of the bias process. 
 
10. Conformal coverage of complicated topographical features and high aspect ratio structures 
are of great importance in many micro- and nano- systems. For the deposition of Al2O3 onto 
5:1 aspect ratio structures, cross sectional SEM/EDX images have clearly shown that through 
control of the substrate bias the coating thickness on the vertical and horizontal planes can 
be varied. It has been shown that by alternating the substrate bias between -222 and -267 V, 
with a 50 % residence time at each voltage, highly conformal coverage of 5:1 aspect ratio 
structures can be achieved. It is expected that further optimisation of the process parameters 
will lead to a uniform film thickness on all surfaces of high aspect ratio structures. It is this 
technique that is most likely to lead to further WVTR improvement, when all surfaces can be 
equally covered. 
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9.3 Future Work 
Throughout this work there were many avenues of interest that could have potentially been explored 
but due to time constraints were not progressed. 
As the substrate bias work was conducted at the end of this EngD work, further optimisation of the 
substrate bias is required, and it is anticipated that a dual voltage technology (continuous switching 
between a low bias and a high bias throughout the deposition) would achieve a better coverage 
around the particulates, and hence improve barrier performance. The use of dual voltage substrate 
bias is relatively straight forward to implement in production. This could be achieved through low 
frequency (~ 1 Hz) pulsing of the surface of the system ‘coating drum’, around which the web material 
passes in a typical system. However, this may neither be the only or optimum way of achieving that 
and significant further research, both literature and practical, is required to identify the best solution.  
Results from the in-house permeation test indicated that thicker coatings (> 200 nm) could potentially 
improve barrier performance. This is expected for a completely defect free film as Fick’s law states the 
permeation rate is inversely proportional to film thickness. From literature, magnetron sputtered films 
typically have a critical thickness, tc, < 200 nm as an increased thickness leads to intrinsic stress which 
induces micro-cracking, thereby creating easier permeation paths for moisture. In remote plasma 
sputtering, the energy of the flux can be controlled independently from the flux arrival rate via the 
process pressure and RF plasma power, hence > 200 nm coatings can be produced with low intrinsic 
stress. Investigating the barrier performance of remote plasma sputtered films with thicknesses > 200 
nm, including mechanical flexibility, remains an avenue of interest.  
Another area of interest that was considered, but not explored within the EngD work, was the use of 
a thin layer of low melting point material (e.g. Zn) deposited repeatedly during thin film growth (to 
form a multilayer) with the intention that depositing atoms of such a low melting point material could 
result in a high surface diffusion and ‘plug’ defects on the surface to improve barrier properties. 
Due to the large mismatch in thermal expansion of the fluorocarbon film compared to the inorganic 
layer the multilayer structure for barrier purposes appeared unsuitable. Remote plasma sputtering of 
alternative polymeric materials such as polyethylene (251) and ethylene vinyl alcohol (EVOH) (263) to 
planarise defects remain an area of interest. 
Chapter 9: Conclusions and Future Work     
217 
 
Reports in the literature state that currently the most robust barrier layer consists of a graded 
inorganic/organic layer deposited within one system. Consideration was given to using the remote 
plasma system as a PVD/PECVD where the magnetised plasma could be directed onto the substrate 
to allow a PECVD process. With the current R&D setup it was not possible to conduct a PECVD/PVD 
simultaneously, preventing graded depositions. 
A very new area of interest is to use a ‘self-healing’ coating (264,265). This involves depositing a 
transparent low liquidus temperature material with Tg ~ 130 °C (e.g. chalcogenides). It is speculated 
that during deposition the liquidus material will self-heal and seal over any defect structure present. 
However with conventional PVD techniques the fragile nature of the glass-like target makes it difficult 
to sputter from. Previous work within PQL has shown that glass-like targets can be sputtered with 
reasonable deposition rates. This was potentially an avenue of interest however targets required for 
this work were expensive and hence the technique was not investigated within the constraints of this 
EngD work.   
 To develop high performance barrier layers, improvements in WVTR measurement techniques are 
needed. Although Mocon is the industry standard, it cannot decouple localised permeation from 
intrinsic permeation, essential to fully understand the failure mechanism. To conduct the otherwise 
suitable Ca test in-house requires significant infrastructure, and outsourcing results in a slow 
turnaround time, incompatible with industrial R&D. The uncertainties and differences (area, 
temperature, RH, conditioning time) between WVTR test conditions and equipment (especially for Ca 
testing) are numerous making comparison of published results very difficult. The supply chain in the 
barrier layer industry is very limited and, as the manufacturers have no reliable basis for offering a 
standard guarantee of performance, potential users have low confidence in the product, impeding 
take up of an otherwise promising technology. A reliable and more sensitive, fast turn-around WVTR 
measurement technique would significantly change this. 
The presence of particulates remains problematic in the coating industry. Large research groups have 
invested billions of pounds, but have still not found a practical, high volume production compatible 
solution. Although the desired low WVTR was not achieved during the scope of this thesis, the work 
presented has led to numerous improvements in the scope of the technology and understanding and 
further work is expected continue to reduce the WVTR without recourse to extensive and expensive 
additional processes and infrastructure.   
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sputtering of polytetrafluoroethylene under various conditions. Thin Solid Films 2001 
7/30;392(2):208-213. 
(243) Suzuki Y, Fu H, Abe Y, Kawamura M. Effects of substrate temperature on structure and 
mechanical properties of sputter deposited fluorocarbon thin films. Vacuum 2013 1;87(0):218-221. 
(244) Deshpande UP, Mukherjee S, Rane RS, Singh NL, Pelagade SM, Ganesan V, et al. Investigation 
of Surface Free Energy for PTFE Polymer by Bipolar Argon Plasma Treatment. Journal of Surface 
Engineered Materials and Advanced Technology 2012;02(02):132. 
(245) DuPont. Teflon PTFE: Properties Handbook. Available at: 
http://www.rjchase.com/ptfe_handbook.pdf. Accessed 09/05, 2015. 
References     
234 
 
(246) Tada H, Kumpel AE, Lathrop RE, Slanina JB, Nieva P, Zavracky P, et al. Thermal expansion 
coefficient of polycrystalline silicon and silicon dioxide thin films at high temperatures. Journal of 
Applied Physics 2000;87(9):4189-4193. 
(247) Wilson DJ, Williams RL, Pond RC. Plasma modification of PTFE surfaces. Part II: Plasma‐treated 
surfaces following storage in air or PBS. Surf Interface Anal 2001;31(5):397-408. 
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Abstract
With the progression towards higher aspect ratios and finer topographical dimensions in many 
micro- and nano-systems, it is of technological importance to be able to conformally deposit 
thin films onto such structures. Sputtering techniques have been developed to provide such 
conformal coverage through a combination of coating re-sputtering and ionised physical 
vapour deposition (IPVD), the latter by use of a secondary plasma source or a pulsed 
high target power (HiPIMS). This paper reports on the use of an alternate remote plasma 
sputtering technique in which a high density (>1013 cm−3) magnetised plasma is used for 
sputter deposition, and additionally is shown to provide IPVD and a re-sputtering capability. 
From the substrate I–V characteristics and optical emission spectroscopy (OES) data, it is 
shown that remote plasma sputtering is an inherently continuous IPVD process (without 
the need of a secondary discharge). Through the reactive deposition of Al2O3 onto complex 
structures, scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy 
(EDX) results demonstrate that applying a negative substrate bias during film growth can 
result in re-sputtering of deposited material and film growth on surfaces obscured from the 
initial sputter flux. Using 5 : 1 (height : width) aspect ratio trenches, the substrate bias was set 
to 0,−245 and  −334 V. At 0 V substrate bias, the alumina coating is predominantly deposited 
on the horizontal surfaces; at  −344 V, it is predominantly deposited onto the side walls and 
at  −245 V a more uniform layer thickness is obtained over the trench. The process was 
optimised further by alternating the substrate bias between  −222 and  −267 V, with a 50% 
residence time at each voltage, yielding a more uniform conformal coverage of the 5 : 1 aspect 
ratio structures over large areas.
Keywords: substrate bias, conformal coverage, IPVD, remote plasma sputtering, HiTUS, thin film
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1. Introduction
The conformal coating of trenches, vias and other 3D struc-
tures is a critical requirement in many modern technologies 
including, for example, micro-electromechanical systems 
(MEMS) [1] and inter-connect (IC) fabrication [2]. Although 
chemical vapour deposition (CVD) and derivative techniques 
can accomplish good conformal coverage [3], they are not 
always suitable due to the high process temperatures required 
or the absence of a suitable pre-cursor material. Whilst the 
common physical vapour deposition (PVD) techniques (e.g. 
electron beam evaporation, magnetron sputtering) are largely 
free of these limitations, they suffer from inherent poor step 
coverage of non-planar surfaces due to shadowing effects 
caused by the essentially line-of-sight transit of material 
from the target material source to the substrate. This can lead 
to coating build-up on the top edges of trenches and vias, 
resulting in void formation [4].
For many PVD processes, a degree of conformal coverage 
can be achieved through substrate motion during coating dep-
osition or through increasing the process pressure, the latter 
reduces the mean free path of scattering collisions between 
the sputtered flux and process gas (usually Ar) increasing 
scattering frequency. Both techniques increase the angular 
distribution of arriving sputter material at the substrate [5], 
allowing some coating of shallow trench and via side walls, 
but with limited ability to coat more demanding 3D structures, 
especially where ‘overhangs’ are present.
Further improvement of PVD conformal coverage can be 
achieved using ionised physical vapour deposition (IPVD) 
in which an electrical substrate bias is used to influence the 
directionality and energy of arriving ionised material [6, 7]. 
For most PVD processes significant ionisation of the physical 
vapour is only achieved if a secondary plasma discharge is 
used, usually either an inductively coupled plasma (ICP) [8] 
or an electron cyclotron resonance (ECR) microwave plasma 
[9, 10]. Alternatively, high energy pulsed magnetron sput-
tering techniques can directly produce highly ionised species 
[11], though at the expense of deposition rate.
Substrate bias is used to modify the arrival characteristics 
of these ions. Their direction and kinetic energy can be con-
trolled [4], resulting in greater penetration into high aspect 
ratio structures such as trenches or vias [10, 12].
In a high density plasma sputter process, a much higher ion 
contribution to the process is provided by the plasma gas (usu-
ally Ar) ions. In addition to the usual densification improve-
ment resulting from low energy ion bombardment [13], by 
increasing the bias the Ar ions will eventually have sufficient 
energy to cause re-sputtering of the deposited material. The 
re-sputtered material greatly increases the angular distribution 
of the overall sputtered material flux, allowing surfaces that 
are ‘shadowed’ from the target material source to be coated 
and providing a mechanism to conformally cover 3D surfaces.
This paper investigates the sputter deposition of thin films 
onto biased substrates using a remote plasma sputtering tech-
nique. The remote plasma sputter system has been described in 
detail by Thwaites [14] and numerous publications describing 
the technology to deposit thin films materials such as ITO 
[15], IZO [16], ZnO2 [17], HfO2 [18], ZnS : Mn [19] have 
been reported in the literature.
The main aims of this work are (i) to show the capability of 
remote plasma sputtering to generate an ionised sputter flux; 
(ii) to characterise the effect of substrate bias on sputter rate 
and the re-sputtering process; (iii) to demonstrate that this 
technology through re-sputtering can conformally coat 3D 
substrates.
Previous preliminary experiments indicated that a substan-
tial proportion of the sputter flux might be continuously ionised 
without the need of a secondary discharge. In this investiga-
tion, the effect of substrate biasing on the sputtered material 
flux has been examined by measuring the substrate I–V char-
acteristics and by optical emission spectroscopy (OES). The 
influence of substrate bias on the deposition rate is then exam-
ined for the deposition of Al and Al2O3 thin films. Through the 
reactive deposition of alumina, this paper describes the use of 
substrate bias to improve the conformal coating of 3D struc-
tures and 5 : 1 (height : width) aspect ratio trenches. Scanning 
electron microscopy (SEM) and energy dispersive x-ray spec-
troscopy (EDX) were employed to monitor the thin film cov-
erage and uniformity, and the crystal structure of the deposited 
thin films was determined by x-ray diffraction (XRD).
2. Experimental setup
2.1. Plasma characteristics
OES studies were performed to confirm the presence of ion-
ised sputtered material. For this a remote plasma sputter unit 
was equipped with an internal fibre-optic system which can be 
positioned to allow localised monitoring of the plasma. The 
integration time was 15 ms and the data averaged over 250 
scans. A collimator approximately 10 cm long and with sim-
ilar diameter to the head on the spectrometer detector (approx. 
4 cm) was used to minimise deposition onto the lens.
The OES measurements were made when sputtering a Ti 
target. The process parameters employed were as those used 
for the deposition of Al thin films, described in section 2.2.
To determine the I–V characteristics at the substrate under 
different bias conditions a dc power supply was connected 
to the substrate table  in conjunction with a multi-meter to 
measure current.
2.2. Film deposition
All films were deposited at room temperature using a remote 
plasma system developed by Plasma Quest Ltd [14]. A sche-
matic diagram of the remote plasma system used in this work 
is given in figure  1. The technology is based upon the use 
of a remote, high density (>1013 cm−3 ions) but low energy 
(<10 eV) Ar gas plasma generated in a side arm plasma source 
adjacent and connected to the vacuum coating chamber. The 
visible glow region of the remotely generated plasma is con-
fined and guided to the target by the magnetic field produced 
by two electromagnets. Within this glow region the ions are 
of uniform high density but have insufficient energy to cause 
sputtering.
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Application of a target bias accelerates the ions to the target 
resulting in uniform sputtering and therefore uniform erosion 
across the full target surface. This is particularly beneficial 
during reactive sputtering as the high rate uniform target ero-
sion (3.9   ×   1018 atoms s−1 for Al using a current of 0.5 A over 
a 4″ target) enables a stable reactive process to be achieved at 
constant oxygen flow without the need for feedback control. 
As a result there was no need for O2 flow feedback systems 
typical required for other sputter techniques.
Although the remote plasma system appears to operate in a 
manner similar to an ion beam source, it is important to note 
that the plasma ions have no particular directionality and only 
low (thermalised) energy until accelerated in the target sheath 
by the target bias. Therefore the sputtering process shows no 
directional effects from incoming ions, other than those usu-
ally observed in diode and magnetron sputtering.
For this study, Al and Al2O3 films were grown using a high 
purity (99.999%) Al metal 4″ target. Argon of 99.999% purity 
was used as the sputter gas and oxygen of 99.999% purity was 
used as the reactive gas for the deposition of Al2O3.
The base pressure was 8.0   ×   10−6 mbar with a process 
pressure consistently maintained at 3.1   ×   10−3 mbar. The 
RF plasma source power and DC target voltage were kept 
constant at 600 W and 600 V respectively. The target to 
substrate spacing was 20 cm. An RF substrate bias, Vb, was 
applied and increased in discrete steps between 0 and  −600 V. 
Systematic RF powers were selected to assist in the later 
determination of sputter rate/power behaviour (0, 110, 120, 
150, 200 W), but are also shown as equivalent bias voltages 
(Vb = 0, −245, −267, −334, −445 V) for comparison with 
other published data.
2.3. Film characterisation
Thickness measurements of all films deposited on glass were 
conducted using a Taylor Hobson Talystep profilometer.
SEM and EDX analysis was performed using a Jeol JSM-
7100F instrument, employing a Schottky field emission gun, 
operated at 20 keV. A Thermo Scientific UltraDry Energy 
Dispersive Spectrometer (EDS) detector with a NORAN 
System 7 x-ray Microanalysis System was used to record 
the EDX elemental maps. Glancing angle x-ray diffraction 
(GAXRD) using a 1° incident angle was undertaken on a 
Panalytical X’pert Pro diffractometer using Cu Kα radiation 
(λ = 1.5406, 40 kV, 30 mA) and a 2Θ range of 15–75°.
X-ray photoelectron spectroscopy (XPS) was under-
taken using a VG Thermo Scientific Theta Probe employing 
a monochromated Al Kα X-radiation operated at 15 kV 
and 20 mA. The hemispherical analyser was run at a pass 
energy of 20 eV and a step of 0.1 eV. The binding energies 
of the photoelectron peaks were referenced to the adventi-
tious hydrocarbon C 1 s peak at 285.0 eV. Quantification 
was performed using the Thermo Scientific Avantage soft-
ware which employs instrument modified Wagner sensitivity 
factors after a Shirley background subtraction to determine 
atomic concentrations.
2.4. Conformal coverage studies
To test the conformal coverage of remote plasma sputtered 
Al2O3 thin films, 3D structures were fabricated. The struc-
tures were fabricated by anisotropically etching Si3N4 in a 
Reactive Ion Etcher (RIE) at 40 mT (CF4 and Ar) at 40 W for 
50 min, followed by an isotropic wet etch of the Si for 3 min 
using HF : Nitric Acid : DI Water (2 : 25 : 25) to produce 1 μm 
undercut features. Cross-sectional SEM images of these struc-
tures are shown in figure 2.
3. Results and discussion
3.1. Plasma
3.1.1. Remote plasma system characteristics. The remotely 
generated plasma used in this work is a spatially extensive, 
variable strength magnetised plasma in which the ion and elec-
tron motion is significantly modified from that normally asso-
ciated with other sputter techniques, with consequent impact 
Figure 1. Schematic illustration of a remote plasma sputter 
chamber, with the plasma source on the left side of the chamber.
Figure 2. Cross sectional SEM images of the 3D structures 
fabricated for conformal coverage studies.
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on plasma generation, sputtering and deposition behaviour. Of 
particular relevance to this study, for the remotely generated 
plasma, the motion of electrons and ions perpendicular to the 
magnetic field direction is disproportionately restricted such 
that the usually higher electron drift mobility becomes less 
than the ion drift mobility. This inversion is most obviously 
demonstrated through an electrically isolated (floating) sub-
strate charging positively, as opposed to negatively as reported 
with other similar systems [20–22].
The application of substrate bias in magnetron sputtering 
to permit re-sputtering is well documented [23]. However, 
it is unclear what the effect of the directionally and spatially 
variant electromagnetic field and magnetised plasma in the 
remotely generated plasma will have on re-sputtering when a 
substrate bias is applied.
3.1.2. Substrate bias measurements. Initial work to quan-
tify the impact of the magnetised plasma involved measuring 
the I–V characteristics of the substrate stage when applying 
a dc bias voltage to an electrically conductive substrate, but 
no target bias. As is the normal convention for a plasma I–V 
curve the electron current into the probe is displayed on the 
positive y axis. The I–V curve obtained by varying DC sub-
strate bias Vb, varied between  −80 and +60 V, is given in fig-
ure 3. This data is similar to a typical I–V response from a 
Langmuir probe in a magnetron plasma with the exception of 
a positive voltage zero current cross over point, not the usual 
negative voltage. This confirms that the ion drift mobility is 
higher until a positive voltage of 2.8 V is applied, at which 
point a dynamic equilibrium between electron and ion flux 
is reached. Critically for this work, for bias voltages above 
2.8 V, increasingly higher electron currents are drawn from 
the magnetised plasma, confirming that the electrons remain 
sufficiently mobile to prevent charge build up when an RF 
substrate bias is applied (required for non-conducting metal 
oxide thin films).
3.1.3. IPVD. The presence of an ionised sputter flux in prox-
imity to the substrate was determined by the focused OES 
system earlier described. For the deposition of Ti used in our 
initial studies, the plasma emission spectra obtained with and 
without target bias are shown in figure 4. For no target bias, 
only Ar peaks are present as expected. Additional peaks appear 
with an application of target bias. Comparison with published 
data [24] shows these additional peaks are due to both excited 
Ti atoms and ions. The four peaks at 308.02, 323.55, 334.88 
and 375.96 nm correspond to singly ionised Ti, showing that 
remote plasma sputtering can offer the benefits of an IPVD 
process.
The ionised flux behaviour can be influenced through the 
use of an applied substrate bias [6]. Figure 5 shows the pro-
gressive increase in the intensity of the four Ti+ OES peaks 
close to the substrate with increasing negative substrate bias. 
As would be expected, the ionised flux is attracted by the neg-
ative bias, directing more Ti ions to the substrate.
Figure 3. Current–voltage characteristic (no target bias) for the 
remote plasma sputter system.
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3.2. Al coating
3.2.1. OES. OES spectra with and without substrate bias 
were collected during the deposition of Al (figure 6) and this 
displays a similar trend to that of Ti over the wavelength range 
recorded (figure 4). The sputter flux consists of both excited 
and ionised Al, the peaks at 266.71 nm and 281.69 nm match-
ing well with emission lines for singly ionised Al+ [24].
3.2.2. Deposition rate. The effect of substrate bias (Vb = 0 V 
to  −222 V) on deposition rate is presented in figure 7. Appli-
cation of  −90 V to the substrate leads to the deposition rate 
being increased by 2 nm min−1 compared to zero bias, con-
sistent with the attraction of additional Al ions towards the 
substrate (XPS analysis of the Al thin film confirmed that the 
increase in deposition rate is not due to the implantation of 
Ar). Hence, both the deposition rate and OES data show that 
increasing the substrate bias results in an increase of ionised 
material flux to the substrate. At a Vb  >  −90 V, the deposition 
rate decreases. This is due to the increasing re-sputter rate at 
higher voltages. Hence, any increase in the deposition rate 
from more Al ions arriving at the substrate is negated by the 
stronger re-sputtering process.
3.2.3. Crystallinity. The GAXRD patterns presented in fig-
ure 8 show that the nanocrystalline structure of the deposited 
Al thin film has been retained upon a substrate bias of  −90 V 
and  −134 V being applied. However, the preferential (1 1 1) 
orientation at 0 V is not preserved as the substrate bias is 
increased to  −134 V and a more random grain orientation 
develops. For the deposition at 0 V bias, the Al (f.c.c.) exhib-
its pronounced preferential growth on the lower energy (1 1 1) 
plane. We believe that the more random grain orientation 
observed with increasing substrate bias (−90 V and  −134 V) 
Figure 6. OES spectra with and without Al target bias.
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Figure 9. A plot of the deposition rate as a function of substrate 
bias for the deposition of Al2O3.
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is due to the increased adatom mobility induced by ion bom-
bardment [25], though further experimentation would be 
required to confirm this.
3.3. Al2O3 coating
3.3.1. Deposition rate. To examine the effect of substrate bias 
on a reactive process, Al2O3 thin films were grown. For the 
deposition of these thin films, the O2 flow remained constant 
(3.4 sccm) and the substrate bias was varied from 0 to  −550 V. 
The deposition rate as a function of substrate bias for the reac-
tive deposition of Al2O3 (figure 9) displays a similar trend 
to the Al process (figure 7). No variation in stoichiometry 
was observed with an increase in substrate bias. However, 
the Vb corresponding to maximum deposition rate increased 
from  −90 V for Al to  −300 V for Al2O3. It is well known 
that the sputter rate of metal oxides is lower than metals and 
hence a shift of the Vb maximum to higher voltages would be 
expected. Similar trends in the deposition rate have also been 
reported when varying the substrate bias for Cu2O [23] and 
TiNxOy [26].
Figure 11. Cross-sectional SEM images with corresponding Al and O EDX maps of Al2O3 deposited onto 3D structures at substrate biases, 
Vb = 0, −267 and  −445 V. (a) SEM images; (b) Al EDX images; (c) O EDX images; (d) Overlay of Al and O EDX images.
Figure 12. Cross sectional SEM image of a 5 : 1 aspect ratio Si 
structure, mounted in Epofix.
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3.3.2. Crystallinity. The GAXRD patterns given in fig-
ure  10 show Al2O3 deposited at Vb values of 0,−223,−334 
and  −445 V. In all cases it is clear that the Al2O3 film depos-
ited is amorphous, this shows that the structural form does not 
change with substrate bias.
3.3.3. Coating of complicated architectures. From sec-
tion 3.3.1, it is evident that remote plasma sputtering has the 
capability to deliver both an IPVD process and, with suffi-
cient substrate bias, that coating re-sputtering occurs. Thus, in 
principle, remote plasma sputtering has the potential to coat 
complicated architectures with the deposited film acting as a 
sputter source for surfaces obscured from the depositing flux.
To test the conformal coverage, 3D structures were fab-
ricated as described in section 2.4 and cross-sectional SEM 
images of these structures are shown in figure 2. For this ini-
tial study, based on the results given in figure  9, Al2O3 has 
been deposited onto the 3D structures at substrate biases of 
0,−267 and  −445 V. Following thin film deposition, the 3 
coated structures were mounted in Bakelite, ground and pol-
ished to provide the cross sectional SEM images and EDX 
elemental maps shown in figure 11.
At substrate bias values of 0 and  −267 V, the SEM images 
and EDX elemental maps in figure  11 are consistent with 
primarily line-of-sight deposition for the Al2O3 layer with 
no discernible deposition of the film on the underside of the 
overhanging structure. Increasing the substrate bias to –445 V 
promotes re-sputtering of Al and O; it is evident both from 
the SEM images and EDX maps that a significant amount 
of Al2O3 has been deposited on the surface of the undercut 
feature.
3.3.4. Coating of trenches. A more comprehensive set of tri-
als was conducted to test the combined IPVD and re-sputter-
ing capability of the remote plasma sputtering technique to 
deliver conformal coating of high aspect ratio trenches.
5 : 1 aspect ratio structures fabricated from a multi-compo-
nent metallic alloy with metal coated trenches were used for 
Figure 13. Cross sectional SEM images with corresponding Al and O EDX maps of Al2O3 deposited onto the top of 5 : 1 aspect ratio 
structures at substrate biases, Vb = 0, −245 and  −334 V. (a) SEM images; (b) Al EDX images; (c) O EDX images; (d) Overlay of Al and O 
EDX images.
J. Phys. D: Appl. Phys. 48 (2015) 335303
H L Brown et al
8
this work. An SEM image of the bare substrate mounted in 
Epofix, ground and polished is displayed in figure 12.
Al2O3 thin films were deposited with substrate biases, Vb = 
0,−245 and  −334 V onto the 5 : 1 structures. SEM images and 
EDX elemental maps of the coated substrates are shown in 
figures 13 and 14. For Al2O3 deposited with Vb = 0 V, the film 
is substantially thicker on the top and bottom of the trenches, 
with a film thickness on the vertical side walls being approxi-
mately 20% of that on the horizontal surfaces. For Al2O3 
deposited with the highest substrate bias, Vb =  −334 V, the 
coating is predominantly present on the side walls, with very 
little or no coating observed on the top surface. At this high 
Vb, excessive re-sputtering is occurring on the top surface, 
resulting in the film being mostly or only deposited on the 
side walls. Hence, by varying the bias between 0 and  −334 V, 
the thin film can be preferentially deposited on the horizontal 
or vertical planes. Using an intermediate value of bias, Vb 
=  −245 V, a relatively even conformal coverage on both the 
horizontal and vertical surfaces can be achieved. Further 
trials showed a high process sensitivity for this condition, 
with consequent non-uniformity when applied to the full 
system substrate (100 mm dia).
A more controllable method was therefore investi-
gated, in which the substrate bias was alternately switched 
between  −222 and  −267 V, with a 50% deposition time at 
each voltage. Vb =  −222 V will cause preferential coverage 
of the horizontal surfaces and  −267 V preferential coverage 
of the vertical surfaces. The result is shown in figure  15. 
Although the conformal coverage does not display a uniform 
thickness on both the horizontal and vertical surfaces, the film 
deposited on the sidewalls exhibits a more uniform thickness 
over the whole structure. Optimisation of the process param-
eters will enable further improvements to be made in the total 
uniformity of the conformal coating on such high aspect ratio 
structures.
Other work has shown that delicate (polymeric) substrates 
can be protected from ion bombardment through the depo-
sition of a thin initial layer with no substrate bias applied. 
Hence, on application of the bias, ion bombardment and re-
sputtering occurs from the initial Al2O3 layer and the substrate 
Figure 14. Cross sectional SEM images with corresponding Al and O EDX maps of Al2O3 deposited onto the bottom of 5 : 1 aspect ratio 
structures at substrate biases, Vb = 0, −245 and  −334 V. (a) SEM images; (b) Al EDX images; (c) O EDX images; (d) Overlay of Al and O 
EDX images.
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is protected, allowing conformal coverage of plastic and 
organic material based structures.
4. Conclusion
It has been shown that remote plasma sputtering is inher-
ently an IPVD process (that does not require an extra plasma 
source), and together with Ar ion bombardment the use of 
substrate bias can be used to influence the growing film. It 
is evident from OES and deposition rate data, that for remote 
plasma sputtering, a bias can be applied to the substrate in 
order to increase the energy and control the direction of the 
incident ions at the substrate. For lower substrate bias volt-
ages, an increase in deposition rate is observed for both Al 
and Al2O3 due to the attraction of sputter flux ions. At a sub-
strate bias of  −90 V for Al and  −300 V for Al2O3 the deposi-
tion rate reaches a maximum. At higher substrate bias voltages 
the deposition rate decreases. This is due to the increasing re-
sputter rate at higher voltages.
Initial trials have shown that through the use of substrate 
bias in remote plasma sputtering conformal coating of compli-
cated architectures can be achieved by the coating itself acting 
as a sputter source for overhang structures.
For the deposition of Al2O3 onto 5 : 1 aspect ratio struc-
tures it has been shown that through control of the substrate 
bias the coating thickness on the vertical and horizontal planes 
can be varied. For low or zero substrate bias the majority of 
the coating will be deposited on the horizontal planes. But, 
employing a substrate bias  >−267 V results in the majority 
of the coating being deposited on the side walls. This occurs 
through the attraction of ionised sputter flux and re-sputtering 
of the thin film on the horizontal surfaces due to ion bombard-
ment. Finally, it has been shown that by alternating the sub-
strate bias between  −222 and  −267 V, with a 50% residence 
time at each voltage, conformal coverage of 5 : 1 aspect ratio 
structures can be achieved. It is expected that further optimi-
sation of the process parameters will lead to a uniform film 
thickness on all surfaces of high aspect ratio structures.
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FlexibleIndium tin oxide (ITO) thin ﬁlms with a speciﬁc resistivity of 3.5×10−4 Ω cm and average visible light
transmission (VLT) of 90% have been reactively sputtered onto A4 Polyethylene terephthalate (PET), glass and
silicon substrates using a remote plasma sputtering system.
This system offers independent control of the plasma density and the target power enabling the effect of the
plasma on ITO properties to be studied. Characterization of ITO on glass and silicon has shown that increasing
the plasma density gives rise to a decrease in the speciﬁc resistivity and an increase in the optical band gap of
the ITO ﬁlms. Samples deposited at plasma powers of 1.5 kW, 2.0 kW and 2.5 kW and optimized oxygen ﬂow
rates exhibited speciﬁc resistivity values of 3.8×10−4 Ω cm, 3.7×10−4 Ω cm and 3.5×10−4Ω cm and
optical gaps of 3.48 eV, 3.51 eV and 3.78 eV respectively.
The increase in plasma density also inﬂuenced the crystalline texture and the VLT increased from 70 to 95%,
indicating that more oxygen is being incorporated into the growing ﬁlm. It has been shown that the remote
plasma sputter technique can be used in an in-line process to produce uniform ITO coatings on PET with
speciﬁc resistivities of between 3.5×10−4 and 4.5×10−4 Ω cm and optical transmission of greater than 85%
over substrate widths of up to 30 cm.d Physical Sciences, University
k (A.D. Yeadon),
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Indium tin oxide (ITO) is a commonly used transparent conducting
oxide (TCO) with applications as a transparent electrode for ﬂat panel
displays [1], photovoltaic devices [2] and as an infrared mirror in
energy saving windows [3]. ITO offers the best combination of
electrical conductivity and visible light transmission with excellent
environmental stability, reproducibility and surfacemorphology [1,3].
ITO is basedon indiumoxide (In2O3), awideoptical gap (≈3.6 eV [4])
semiconductor material which, as a result of being n-type degenerate, is
electrically conducting. Two explanations given in the literature for the
source of the free carriers in indium oxide are (a) oxygen vacancies [5]
and (b) a hydrogen doping mechanism [6–8]. In ITO, the free charge
carrier (electron) concentration is further increased by substitutionally
doping In3+ sites with Sn4+[9]. The doping efﬁciency is related to the
energy delivered to the growing ﬁlm during deposition. To effectively
dope the ITO, commercial ﬁlms are deposited at high temperature
[10,11].
The recent interest in ﬂexible electronic devices has increased
demand for processes offering low temperature deposition of highquality ITO ﬁlms onto large area polymeric substrates [12]. Themove to
polymeric substrates is driven by their relatively low cost, mechanical
ﬂexibility, and light weight [2]. These properties not only make ﬂexible
devices attractive to the end customer, but also enable efﬁcient mass
manufacturing using ‘roll to roll’ processes [10]. However, due to the
thermal sensitivity of polymers, sputter deposition of high quality ITO
remains an area of intense research [11].
Tomeet the requirements of ﬂexible displays, research has focused
on methods of depositing materials at low temperature, ideally less
than 78 °C (the glass transition temperature of PET) [10]. Wakeham
et al. [11] deposited ITO with a speciﬁc resistivity of 3.8×10−4 Ω cm
and average visible (400–750 nm) light transmission (VLT) greater
than 90%, on to a range of ﬂexible substrates (b15 mm diameter bend
radius) using a remote plasma system. The high quality of the ITOwas
attributed to the increased energy at the substrate surface as a result
of the high density plasma (1013 ions cm−3), used in this sputtering
process.
The remote plasma system beneﬁts from independent plasma
generation and target biasing, resulting in control of the ﬂux of ions
and their energies. The ability to generate a high ﬂux of low energy ions
has been shown to be beneﬁcial for most thin ﬁlm deposition processes
[13]. This investigation extends the originalwork ofWakehamet al. [11]
with the aim of developing a large area ITO process for use on polymeric
substrates. After initial optimization of the deposition parameters, two
sets of ITO ﬁlms were deposited onto glass and silicon to explore the
Fig. 1. A schematic diagram of the remote plasma system ﬁtted with a 50 cm cylindrical
target. The plasma is generated in the plasma launch system (PLS) and a magnetic ﬁeld
is used to form a plasma envelope around the target. In this diagram, the substrate
travels in plane.
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and oxygen depleted conditions. Firstly, at a depleted oxygen ﬂow rate
of 18 sccma set ofﬁlmswasdeposited usingplasmapowers in the range
of 2.0–3.5 kW. Then a second set of ﬁlmswas deposited at the optimum
oxygen ﬂow rate of 25 sccm employing plasma powers in the range of
1.5–2.5 kW. For comparison, a sample radiatively heated to 200 °C was
deposited at this sameoptimumoxygenﬂow rate. Finally, theoptimized
process was used to deposit ITO onto A4 PET substrates to demonstrate
the compatibility of the process with polymeric substrates.
2. Experimental technique
2.1. Thin ﬁlm deposition
ITO ﬁlmswere reactively sputtered from ametallic 90:10 wt.% In:Sn
(purity 99.99%) target at different oxygen ﬂow rates and plasma
powers using an in-line large area remote plasma system (details of the
technology are discussed elsewhere [11,14,15]) onto glass and silicon
substrates. A schematic diagram of the system is shown in Fig. 1.
The remote plasma sputtering process uses a magnetically conﬁned,
remotely generated argon plasma to provide a uniform distribution
of ions at the target surface. The process is resistant to target poisoning
and is very stable as a result. The in-line system is ﬁtted with a load lock
and translating substrate holder (positioned 30 cm below the target)
enabling a high sample throughput.
Prior to deposition the substrates were cleaned using an EcoClear®
cleaning solution and dried with dry nitrogen gas. The chamber was
evacuated to a base pressure of 6×10−4 Pa before being ﬁlled with
argon to a process pressure of 0.3 Pa. The substrates were treated with
a low power plasma (no DC bias was applied to the target/substrate)
to desorb volatile surface contaminants such as hydrocarbon species
and adsorbed water. The target was prepared for the coating process
by pre-sputtering in Ar and then in the Ar+O2 gas mixture required
for the subsequent coating stage of the process.
After the initial process optimization (described in Section 3.1), two
sample sets were used to investigate the effects of the plasma power at
different oxygen ﬂow rates. The process parameters used to deposit
these samples are given in Table 1. The samples have been numbered
using a system incorporating the O2 ﬂow rate as an identiﬁer for the two
different sample sets (i.e. samples 18-1 to 18-4 for the samples deposited
at 18 sccm and 25-1 to 25-4 for the samples deposited at 25 sccm O2).Table 1
The deposition parameters for the two sets of ITO coatings deposited at oxygen ﬂow rates o
Sample 25-1 25-2 25-3
Argon (sccm) 70 70 70
RF plasma power (kW) 1.5 2.0 2.5
Deposition temperature (°C) Ambient Ambient Ambient
Ion current (A) 3.4 4.4 5.4
DC bias (V) 294 230 185
Oxygen (sccm) 25 25 25
Thickness (nm) 350 380 450All samples were deposited onto unheated substrates except for sample
25-4whichwas radiatively heated to 200 °C during thin ﬁlm deposition.
The samples were not annealed after deposition.
2.2. Characterization
Glass and silicon were initially employed as substrates for
characterization purposes. ITO ﬁlms deposited onto glass were
examined using an AvaSpec UV–Vis–NIR spectrophotometer (spectral
range 300–1100 nm) and a Jandel Engineering Ltd four point probe for
their optical transmittance and speciﬁc resistivity respectively. The ﬁlm
thickness was measured using a Taylor Hobson Talystep proﬁlometer.
Structural characterization was performed on ITO ﬁlms deposited
onto silicon using a Panalytical Xpert Pro X-ray Diffractometer using a
Cu Kα (1.5418 Å) source running at a voltage of 40 kV and current of
30 mA. The 2θ range scannedwas 10–65° with a 2θ step size of 0.017°.
The average grain sizes were determined from the (222) peak
employing the De Keijser single line method [16,17], which involves a
least squares ﬁtting of the XRD peaks using a pseudo-Voigt function and
then applying the Scherrer equation [21] to the Lorentzian component
of the peak.
To perform carrier concentration and mobility measurements, the
ﬁlms were etched into a cloverleaf shape and analyzed using the Van
Der Pauw method on an Accent HL5500 Hall system [18].
3. Results
3.1. Initial process setup — inﬂuence of oxygen on optical and electrical
properties
Before studying the effects of plasma launch power on the ITO
properties, samples were deposited at oxygen ﬂow rates from 0 to
25 sccm with increments of 5 sccm between depositions. The speciﬁc
resistivity and optical transmission were measured to allow the
optimum oxygen ﬂow rate to be determined. A constant 2.0 kW
plasma launch power and 1.0 kW target power were used throughout
this initial optimization process.
Fig. 2 shows that with increasing O2 ﬂow rate, the ITO approaches
full stoichiometry, resulting in an increase in visible light transmission
(VLT) and 2 orders ofmagnitude decrease in speciﬁc resistivity between
15 and 25 sccm. At 25 sccm the ITO coating exhibits VLT of 92% and
speciﬁc resistivity of 3.8×10−4 Ω cm. These results show that the
process is stable and capable of producing high quality ITO.
3.2. Characterization of ITO samples deposited at ﬂow rates of 18 and
25 sccm
All the ITO ﬁlms deposited had thicknesses in the range 320–450 nm
(Table 1). The effects of plasma power were investigated on ﬁlms
deposited under oxygen depleted conditions (oxygen ﬂow rate of
18 sccm). The optical transmission data for ITO deposited at plasma
powers from2.0 to 3.5 kW (Fig. 3) shows that raising the plasma launch
power results in an increase in the optical transmission. From Fig. 2, it
can be seen that a similar effect is observed as the oxygen ﬂow rate is
increased.f 25 sccm (sample numbers 25-1 to 25-4) and 18 sccm (sample numbers 18-1 to 18-4).
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Fig. 2. A plot showing the speciﬁc resistivity and VLT of the ITO ﬁlms, as a function of
oxygen ﬂow rate. Beyond 25 sccm the speciﬁc resistivity is expected to increase,
however at a plasma power of 2.0 kW, the system became unstable for oxygen ﬂow
rates greater than 25 sccm, preventing the collection of further data.
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Fig. 4. Optical transmission spectra for the ITO ﬁlms deposited at an oxygen ﬂow of
25 sccm with plasma powers ranging from 1.5 to 2.5 kW, referenced to the glass
substrates. The transmission of the heated sample (25-4) shows the spectrum of ITO
with a high carrier concentration.
1209A.D. Yeadon et al. / Thin Solid Films 520 (2011) 1207–1211Fig. 4 shows the optical transmission data for ITO deposited at the
optimal oxygen ﬂow rate of 25 sccm for plasma powers from 1.5 to
2.5 kW. For comparison, the result for the sample deposited at the
same oxygen ﬂow rate and plasma power of 2.0 kW, but heated to
200 °C during ﬁlm growth (sample 25-4) is also presented. It can be
seen that ITO samples deposited at 1.5 kW and 2.0 kW have almost
identical transmission spectra. However, as the plasma launch power
is increased to 2.5 kW, the absorption edge of the ITOmoves to shorter
wavelengths, consistent with an increase in the optical band gap. The
optical band gap increases further for the sample deposited at
elevated temperature.
The Tauc relationship (Eq. (1)) was used to calculate the ITO
optical band gap, Eg.
αhυð Þ2 = C hυ−Eg
 
ð1Þ
Whereα is the absorption coefﬁcient, h is Plank's constant, υ is the
frequency and C is a constant [19,20]. The optical gap for the 25 sccm
oxygen samples is shown to increase from 3.48 eV to 3.91 eV with
increased plasma launch power and heating (Fig. 5). This is consistent
with the Burstein-Moss effect which predicts a widening of the optical
band gap as more low energy states in the conduction band are ﬁlled
by free carriers [21,22].
With regard to electrical properties, both sets of samples show a
decrease in speciﬁc resistivity with an increase in plasma power. The
speciﬁc resistivity of samples 18-2, 18-3 and 18-4 was found to be
12.6×10−4 Ω cm, 11.6×10−4 Ω cm and 9.2×10−4 Ω cm respectively.
A more extensive set of electrical properties data, including Hall
measurements, was recorded for the samples deposited at the oxygen
ﬂow rate of 25 sccm and the results are presented in Table 2.0
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Fig. 3. Optical transmission spectra for the ITO ﬁlms deposited at an oxygen ﬂow of
18 sccmwith plasma launch powers ranging from 2.0 to 3.5 kW, referenced to the glass
substrates. The transmission is seen to improve as the plasma launch power is
increased.The Hall measurements indicate that the higher conductivity
occurs due to an increase in the carrier concentration, consistent with
the Burstein-Moss effect, as shown by the band gap widening in Fig. 5.
This result agrees with the literature where the main increase in ITO
conductivity is attributed to an increase in free carriers as a result of
the effective substitutional doping of In3+ sites with Sn4+ [9].
X-raydiffractionhasbeenused to investigate theeffects of increasing
the plasma launch power and heating on the crystal structure of the
material. As the doping of ITO is strongly inﬂuenced by crystallinity, a
strong correlation between the grain size and the speciﬁc resistivity of
the material would be expected.
For the samples deposited at the depleted oxygen concentration
(18 sccm), the XRD diffractograms given in Fig. 6 show that at plasma
powers between 2.5 and 3.5 kW, the samples have a structure which is
nanocrystalline. However, the additional presence of an amorphous
‘hump’ in the diffractogram for sample 18-1, deposited at 2.0 kW,
indicates that this ITO ﬁlm has a mixed amorphous/nanocrystalline
structure. All samples exhibited average grain sizes in the range of 55–
65 nm(onboth silicon and glass substrates) and it can be seen that as the
plasma density is increased, the texture changes from (400) to (222).
The XRD diffractograms for the (unheated) samples deposited at
optimum oxygen concentration (25 sccm) show a similar behavior to
those deposited at lower oxygen concentrations. At low plasma
powers, of 1.5 kW and 2.0 kW, the ITO ﬁlms exhibit a mixed
amorphous/nanocrystalline structure and at the higher power of
2.5 kW the structure changes to purely nanocrystalline. At a power of
2.0 kW, heating the ITO ﬁlm to 200 °C during deposition leads to a
purely nanocrystalline structure being formed. Both of the nanocrys-
talline coatings had an average grain size of 35–40 nm (on both glass
and silicon substrates).With regard to texture, at the highest power of0
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Fig. 5. Plots of (αhυ)2 as a function of hυ for the ITO ﬁlms deposited at an oxygen ﬂow of
25 sccm. The optical band gap is predicted by extrapolating the gradient from the linear
part of the plot to the energy axis. The widening of the band gap is indicative of an
increase in carrier concentration.
Table 2
A table showing the electrical properties of the ITO coatings deposited at an oxygen
ﬂow rate of 25 sccm on glass substrates.
Samples 25-1 25-2 25-3 25-4
Resistivity ×10−4 (Ω cm) four point probe 3.8 3.6 3.5 1.9
Resistivity ×10−4 (Ω cm) hall measurement 3.8 3.7 3.5 2.6
Mobility cm2/V - s 50 45 43 42
Carrier concentration ×1020 cm3 3.5 3.7 4.2 5.6
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1210 A.D. Yeadon et al. / Thin Solid Films 520 (2011) 1207–12112.5 kW, a (222) texture is observed, while the sample deposited at
2.0 kW and heated to 200 °C, shows a (400) texture (Fig. 7).
Comparing the nanostructures formed at 18 and 25 sccm oxygen, it
can be seen that a similar (222) textured nanocrystalline structure is
formed throughdepositing at ahighplasmapowerat loweroxygenﬂow
rates or a medium plasma power at a higher oxygen concentration.
3.3. Deposition of ITO on A4 PET
Having developed an optimized process for deposition of ITO onto
glass and silicon, a 100 nm thick ITO ﬁlm was deposited onto an A4
PET sheet at a plasma power of 2.0 kW and an oxygen ﬂow rate of
25 sccm to demonstrate the compatibility of the process with organic
substrates.
Fig. 8 shows that the average speciﬁc resistivity of the deposited
ITO was 3.96×10−4 Ω cm with a variation of less than ±10% over
26 cm. Hence, a highly uniform deposition process is possible for a
web coating system with well designed apertures and gas distribu-
tion. The VLT was observed to be greater than 85% at all points on the
ﬁlm (Fig. 8). The sheet resistance of these ITO ﬁlms was found to be
40 Ω/□. With no active cooling of the steel backplate, 100 nm thick
ITO ﬁlms can easily be deposited onto PET sheets without degradation
of the substrate. Hence, the deposition temperature is assumed to be
less than 78 °C.
4. Discussion
This work has shown that increasing the plasma power at low
oxygen ﬂow rates results in a change of texture from (400) to (222)
and an improvement in the ITO properties: i.e. a larger VLT and a
reduction in speciﬁc resistivity. Such properties have all been seen to
occur either as a result of increasing the oxygen ﬂow rate, and hence
an increased oxygen incorporation into the growing ﬁlm, as seen from
our results and those of other workers [23] or through depositing
ﬁlms using reactive oxygen species, such as ozone [24]. This latter
result indicates that an increase in the oxygen incorporation could be
achieved by an increase in the reactivity of the oxygen.
Our results have demonstrated that the high ion density (1013
ions cm3) in the remoteplasmasystem is very effective at ionizingargon
gas. Given that the ﬁrst ionization energy of both indium and oxygen is
lower than thatof argon [25], theplasma is likely to generate indiumand10 20 30 40 50 60 70
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Fig. 6. XRD diffractograms showing the effect of plasma power on the structure of ITO
ﬁlms deposited onto silicon substrates at an oxygen ﬂow rate of 18 sccm. The structure
changes from a (400) texture to (222) with increasing plasma power.oxygen ions aswell as reactive species such as ozone. Consequently, the
improved ITO properties observed for increased plasma powers at low
oxygen ﬂow rates can be attributed to the increase in reactivity of the
oxygen and indium as a result of the more energetic plasma conditions.
The ability to increase the probability of the indium–oxygen reaction
is signiﬁcant for process stability as a lower oxygen ﬂow rate would
decrease the chance of process runaway occurring.
The depositions at optimum oxygen ﬂow rates show a transition
from amorphous/nanocrystalline to crystalline as the plasma power is
increased (Fig. 7). The nanocrystalline ﬁlms deposited at 2.5 kW
exhibit an increased optical band gap, conductivity and carrier
concentration compared to ﬁlms deposited at lower plasma powers.
This change in properties occurs as the Sn4+ becomes more active as
an electron donor in the crystalline lattice as it subsitutionally dopes
indium sites. The mobility of charge carriers in the ITO appears to
decrease as the carrier concentration increases (Table 2). This is
explained by an increased scattering from ionized impurities (Sn4+
dopants) [26].
The formation of each of the textures observed for ﬁlms deposited
under different conditions can be explained by considering surface
mobility and ion bombardment. The texture of a material is determined
by the relative growth rate for each of the crystallographic planes
present at the surface [27]. Under normal conditions with high surface
mobility, ITO will grow with a structure which is predominantly (222)
oriented [28]. From these experiments, itwas found that for high surface
mobility conditions (heating the sample), a (400) texture develops.
The usual explanation of re-sputtering [29] seems unlikely, since any
increase in plasma density results in an increase in the target current for
the remote plasma system. As the ﬁlms were deposited at constant
target power, the bias on the target is reduced to compensate for the
increased current, resulting in a higher ﬂux of lower energy ions. The
energies of the ions approach those of ‘plasma only’ conditions, which
are too low to cause re-sputtering [11,14,15]. Petrov et al. [13] have
shown that for TiN, a change in the ratio of the ﬂux of ionized/atomic0
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Fig. 8. A plot showing the speciﬁc resistivity and VLT of the ITO as a function of distance
from the plasma source. The plot shows that the ITO is deposited uniformly along the
line of the target, which is the most non-uniform direction in a web coating system.
1211A.D. Yeadon et al. / Thin Solid Films 520 (2011) 1207–1211nitrogen can affect the texture of the thin ﬁlms formed. They attributed
this to the different diffusion coefﬁcients of ions and atoms on the (100)
and (111) surfaces. Their results are similar to the texture changes
observed for our ITO ﬁlms. Hence, it seems probable that at higher
plasma powers, the increased ﬂux of ions is inﬂuential in changing the
ITO texture.
5. Conclusion
A remote plasma sputtering system which allows independent
control of the plasma density and the target power has been employed
to grow ITO thin ﬁlms under different process conditions. In particular,
the effect of plasma density on ﬁlm properties and microstructure has
been studied. Increasing the plasma density leads to a decrease in the
speciﬁc resistivity and increase in the optical band gap of the ITO ﬁlms.
Samples deposited at plasma powers of 1.5 kW, 2.0 kW and 2.5 kW and
optimized oxygen ﬂow rates exhibited speciﬁc resistivity values of
3.8×10−4Ω cm, 3.7×10−4Ω cm and 3.5×10−4Ω cm and optical
band gaps of 3.48 eV, 3.51 eV and 3.78 eV respectively.
By growing ITO ﬁlms at depleted oxygen concentrations, it has been
shown that increasing the plasma power provides not only an energy
source for increased adatom surfacemobility and ﬁlm densiﬁcation, but
also acts to increase theprobability of chemical reactions throughhigher
ionization of the reacting oxygen and indium species, leading to
improved properties of the deposited ITO ﬁlms.
ITO ﬁlms deposited onto A4 PET sheets exhibited a sheet resistance
of 40Ω/□ and VLT of greater than 85%. The variation of the speciﬁc
resistivity measured across an A4 ITO coated sheet is better than ±10%
indicating that a highly uniform large area deposition process should be
possible with further development.
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